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L  EX  I  N  (i'I'O  N  M  Ass  A  ('ll  U  SETTS 


ABSTRACT 


This  is  tile  third  in  a  series  of  reports  describing  the  work  of  the 
Lincoln  Laboratory  phased  array  project.  This  report  covers  the 
period  from  1  July  l'lul  to  1  January  1963.  Effort  prior  to  this 
time  is  covered  in  Lincoln  Laboratory  Technical  Reports  No.  238 
and  No. 236. 

The  project  effort  is  directed  toward  investigation  of  components, 
techniques  and  the  fundamental  theoretical  limitations  of  arrays  for 
high-power  high-rosolution  radar  applications. 

The  range  of  components  investigated  includes  low-noise  F.F  ampli¬ 
fiers,  stable  IF  amplifiers,  high-power  modularized  transmitters, 
high-speed  microwave  switches  and  several  types  of  digital  micro- 
wave  phase  shifters.  Basic  limitations  to  the  power-handling  capa¬ 
bilities  of  semiconductor  diodes  and  strip  transmission  lines  are 
being  investigated.  Specialized  test  equipment  has  been  assembled 
to  aid  in  components  investigations. 

Techniques  work  continues  in  the  area  of  synthesis  and  use  of  low- 
loss  passive  simultaneous  multiple  beam-forming  systems. 

A  modular  electronically  steered  transmitter  has  been  aod-'d  to  the 
16-element  linear  test  array  to  replace  the  original  fixed  broad- 
beam  illuminator,  and  a  receiving  system  using  simultaneous  beam- 
forming  techniques  is  under  construction. 

Studies  of  the  fundamentals  of  arrays  include  consolidation  of  the 
mutual  coupling  theory  and  studies  of  the  effects  of  such  coupling 
on  unequally  spaced  arrays.  The  relationship  between  transmitter 
efficiency  and  transmitted  pulsewidth  is  examined  and  expressions 
are  derived  for  minimizing  the  cost  of  certain  array  systems  when 
the  per-element  costs  are  known. 

All  these  activities  are  guided  and  directed  by  continuing  studies  of 
system  applications  for  high-resolution  arrays.  Since  these  studies 
are  classified,  they  are  not  reported  '.his  document, 
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INTRODUCTORY  MATERIAL 


CHAPTER  I 

PRO.’’.',  r  AND  REPORT  QRCiANIZ  ATIQN 

L,  CnrLlcdgc 


A,  INTRODUCTION 

Tills  .report  describes  Ihi- „irUvlly  of  Hu  phased  nr  ray  radar  program  of  tlio  Spllclal  Hndnrs 
Group  of  Lincoln  Labormor.y  IV.  'he  parlod  I  duly  19M  to  I  January  196.3.  This  Id,  the  third 
summary  ropor  of  this  project,  the  other  two  being  Lincoln  Lnhoratory  Technical; Reports 
No,  ?.28*  t.hd  No.  236, t 

This  report,  like  the  earlier  ottos,  doscribos  nil  work  curried  out  during  the -staled  period 
aa  well  ns  work  at  ill  in  prog  row*.  The  work  is  reported  iln  tionatlctoruhlo  detail,  enn|i  Roctlon 
hoing  written  l>,y  the  engineer  liimily;  responsible  for  the  investigation.  The  rr.inot;t  !1p  (neferded 
primarily  for  workers  In  the 

B,  PROJECT  PHILOSOPHY  ;i 

'■  1 

Interest  in  phased  array  radar  systems  has  lncronH'bl|l  over  the  puat  few  yoarrtl.tr  ..  point 
whore  modornto-slzo.,  phased  array  radars  are  being  developed  by  each  of  the  thr£e  ft, c.  Ices, 
Problems  enuounterecl  In  the  design  and  construction  of  tllese  radara  have  made  U’|e  need  for 
development  of  components  and  techniques  quite  obvious.  This  project  was  conceived  to  help 
meet  this  need  by  concentrating  efforts  on  the  conception;  design,  construction  qnd  cohi’unr.d 
improvement  of  components  and  techniques  for  phased  array  radara. 

While  a  separate  project  of  moderate  size  concorno/l  primarily  with  the  development  of 
component**  arid  techniques  might  well  have  been  of  questionable  vuluu  in  the  conventional  radar 
era,  in  the  context  of  phased  array  radars  such  a  project  can  produce  aignificant  resulla  from 
a  relatively  small  investment  of  .time  and  money.  The  justification  for  tills  Statement  Hob  in 
the  fact  that  while  array  radars  ore  composed  of  very  large  numbers  of  uv.pli.catd  parts,  only  a 
few  distinct,  types  are  used.  Just  as  manufacturers  of  "building  blocks"  for  digital  computers 
have  made  possible  the  economical  and  speedy  construction  of  such  computers,  the  development 
of  components  for  arrnj's  can  make  possible  the  reasonably  economical  and  rapid  construction 
of  array  radars.  Indeed,  with  the  present  interest  in  "one-of-a-kind"  arrays  on  the  part  of  the 
various  using  agencies,  an  effort  toward  standardizing  the  components  for  arrays  may  be  the 
only  method  for  » ealizing  the  mass  production  economies  that  arc  commonly  attributed  to  large 
phased  arrays,  b’or  example,  our  studies  and  converanlions  with  tube  manufacturers  indicate 
that  true  mass  production  economics  are  not  realized  until  the  manufacturer  reaches  a  sustained 
production  level  on  the  order  of  a  thousand  tubes  per  month.  Clearly,  a  single  array  would  have 
to  be  very  large  or  have  a  real  maintenance  problem  to  consume  that  kind  of  production. 

*J.L.  Allen,  et  ql.,  "Phased  Array  Radar  Studies,  i  July  1959  to  1  July  i960,"  Technical  Report  No.  228  [Uj, 
Lincoln  Laboratory,  M.  I.  T.  (12  August  1960),  ASTIA  249470,  H-335. 

t  J.  L.  Allen,  ej  a{.,  “Phased  Array  Radar  Studies,  1  July  1960  to  1  July  1961,"  Technical  Report  No.  236  (UJ, 
Lincoln  Laboratory,  M.  I.  T,  (13  November  1961),  ASTIA  271724,  H-474. 
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Ilpnuo,  guldotl  by  systems  studios  of  pot  on  I  Oil  long-range  radar  uses,  the  members  of  thl  a 
■prijjovl  are  trying  to  help  moot  the  need  for  "building  hlrieks11  fur  the  construelion  of  hlgh-power 
phased  army  radara.  Tow.ftr<l  this  end,  in  addition  lo  the  direct  work  In  component  design  and 
development,  apodal  teat  facilities  have  hoen  constructed.  These  facilities  are  used  to  evalu¬ 
ate  the  various  parts  of  tho  "building  blocks"  In  appropriate  environments  over  long  periods  of 
lime  and  are  modiflnd  no  often  ns  necessary  lo  keep  up  with  changing  parameters  In  component 
development ,  .  ,' 

To  guldo  the  technique  and  component  development,  In  addition  to  tho  systems  stjlidlea  men- 
Honed  previously,  a  continuing  program  of  studies  rf.the  fundamental  theory  ami  limitations  of 

_  ardnvs  l«  being  carried  out,  . __  _  .  _  j-J  _  <  ( 

In*  or  cl  or  to  bo  of  maximum  benefit  to  thg  nationals pltnsed  array  effort,  a  projectfsuoh  as 
tills, must  maintain  a  continuous  flow  of  Infor'matldfl  io  and  from  otnar  workers  In  dp/fay  teeljhol- 
ojAt.  Thorafore,  momburs  of  this  project  aro  continuing  tholr  atlempl  lo  maintain  t/iose  eonutet  , 
wl[Ml  similar  work  by  . other  organisations  and 'have  encouraged  others  to  become  fnrvjlliar  with  i 
this  effort,  Publication  of  reports  Buch  ns  this  one  represents  only  one  part  of  the  |ffort  In  tht* 
direction,  We  attempt  to  maintain  personal  contact  with  other  government-supported  arrriy 
wurjt  lit  the  eopntry  a  ml  encourage  workers  In  both  government  and  industry  to  vlaitjwlth  tish^re 
'0  tjjio  Laboratory.  Despite  the  burden  that  such  visits  Impose  upon  the  available  tfjne  of  pof*  ■ 
feoh*sl„.U  Is  MM  that  the  results  have  been  well  worth  while,  and  we  Intend  tit  cnntlnu#  this  pol-  ,; 
licyijin  tho  fMu|o,  To  maxlmlita  the  utility' of  future  meetings,  however,  It  Is  hopua  that  thoao  '  j 

Dund  Info 


that  thoso 


.cor|lempln!lngjdlaousslon8  with  us  will  HrSl  aval]  f.homsolvea  ofthe  background  information  con 
'ialtjod  In  this.jiuport  and  In  TR-Z28  and  TR-2J6,  (1  J  ... 

;ic.  I|':  REPORT  JCONTENTS  AND  OROANIzkTION  , 


ji  '  As  stated]  In  the  Introduction,  this  Is  a  progress  report,  It  describes  work  bot,H  completed 
Jnntl  In  progress  during  the  period  covered,  We  have  attempted  to  discuss  all  slS'f.jflcaiU  work 
in  detail,  Including  projects  that  were  unsuccessful  wherg,  the  lack  of  bucoobs  would  be  mean¬ 
ingful  to  olheij'S  In  tho  field,  ,t- 

..  '  ... 

■;  Slnro  the?  responsibility  Tor  various  facets  of  the  project  has  been  undertaken  by  individual 

engineers,  llje  report  has  been  written  by  tho  people  directly  concerned,  with  a  minimum  of 
adoration  on  the  part  of  the  editors.  To  prqmolle.  further  direct  interchange  of  Ideas  on  the 
topics  discussed,  the  authors  of  Individual  sections  have  been  Indicated  In  the  appropriate  places. 
Where  no  name  .appears  on  a  section,  the  au'thor  of  the  next  highest  division  of  the  report  Is  also 
the  author  of  thin  section. 

The  report  is  divided  into  three  parts,  The  first  contains  Introductory  material  and  a  sum¬ 
mary  of  the  lost  facilities  of  the  project.  The  second  pari  deals  with  component  and  technique 
development  and  ia  subdivided  so  that  each  chapter  deals  with  a  major  area  of  development.  The 
third  part  deals  with  the  supporting  studies  of  array  fundamentals  and  limitations.  Most  of  the 
chapters  in  the  report  are  preceded  by  a  brief  summary  of  the  material  contained  therein.  These 
summaries,  along  with  the  Table  of  Contents,  should  serve  lo  acquaint  the  casual  reader  with 
the  over-all  content  of  the  report  and,  hopefully,  will  direct  tho  interested  reader  to  the  material 
of  primary  concern  to  him. 
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CHAPTER  IT 
TEST  FACILITIES 


A.  LINEAR  ARRAY  RADAR  FACILITY  L,  Cnrtlodgo'i 

The  linear  array  rru'inr  (anility  described  In  TR-22R  iuuf'TH-236  lias  been  .inodlfiod  by.  tlto  l! 
addition  of  a  transmUitim  array,  anti  an  alternate  sel  of  receiving  electronic^, ,[  This  socllon  wljj 
give  a  very  brief  ovor  all  picture  of  tile  faolllly,  More  c|elol{cd  discussions  olj  the  various  pa rt|s 
will  lie  found  Inter  in  this  ehnpter,  in  aubauqucml  clmplei  H, , uvul  In  piipviotis  rjoj^orta.  I  ,  1 

Antenna  anti  Feed  System:—  The  antenna  for  the  Unearijarmy  facility  coijHjUta  of  a  line  feed 
driyliig  a  aolld-aurfocod,  offaot-fod,  parabollt:  cyllndor  rollcotor.  The  .  reflflctor,  ahown-ln  . 
FTBtjfi  1-1  nntl  1-2,  Ima  a  vortical  aporlure  of  t5  feet,  n  horizon-', al  width  of  21  jfeot  and  a. focal 
ltnifjijji  of..p  feet,  .  It  Is  nipunled  on  a  rotatable  pedestal,  along  w|h  supports  fji'i-  the  feed  and  the 
.  nrr<l|jf  electronics,  !  [  w  3 

"  ft1  ic  ilied  described; U  TU'\2‘bVh[\s  been  roplaciHi  with  a)  llnqjof  18  dipbleiuhatliare  Vertically 

..j3otfj|izod,j!  v  \  ;  l‘.  j|  I'|"  •• 

•/'il^he  djitiro  sirucuijf'c  ini  still  mounted  in  o  55*-fooi  rigid'rtf^mij.on  iho  rejof  of  ono  of  'the 
Lincoln  Laboratory  buildings.  *v'_  ;l  1  \  j  "  f-  if  •  . 

j  Transmitting  flyalj?m;~  The  transmitting  array  oonalatfl  tl'f  Ifc  modulttr 'eiementB,  each  of. 

,  wljtljpli  corij[a7ua  a  fcKgititJ  diode  phaso  lihiftor,  a  modulator,  a  power  amplifier,  a  duplexer  and  a 
rnjonlloriiljg  ayatem.  ?Jv6*o  modiilos,  which  are  water-cooled,  are  shown  in  Fig,  1-3  and  are 
doaoribc«ij  in  detail  in  pari  2,  Ch.  VI.  They  are  supplied  froirlj  a  centralized  power  supply  aya- 
tern  and  firovlcijb  B  id  10  kw  of  peak  power  at  a  1  percent  duly  ratio  at  a  carrier  frequency  of 
:  900  Mcpijj,  Th[p  tmnsmittor  doae.rll;<ecl  m  Tl'-ii36  ia  UHor^  as  iin  RF  driver,  and  a  video  driver 
is  installed  in  the  nr  ray  control  aroil.  S 

Rccfjivdr  Systems;-  In  oddiliortj  to  the  receiver  ayatem  described  in  TR-236,  a  receiver 
system  (jonslBling  of  a  multiple  bcnin-forming  mnlrlx,  a  loW-lcvel  bcam-Holection  Bwltch,  two 
nolld-slijdc  receiver  channels  and  an  interpolator  a  u  bey  atom  :is  being  lnh’talled.  '|A  block  diagram 
of  this  r'oeoivor  sotup  lu  ahown  in  Fig,  1-4.  Tho  beam-forming  uikI  boain-soioctiion  system  is 
described. in  detail  In  Part  2,  Ch,  I.  The!" other  receiver  sections  are  doscribedin  Pari  2,  Ch.  IV. 
Thq  array  steering  system  described  in'TR-228  bus  been  modified  by  the  addition  of  switch 
j  drivers  to  drive  the  beam -selector  switches.  1 

Teat  Equipment The  semiautomatic  lest  systems  describee)  in  the  two  previous  Technical 
Reports  have  been  modified  nr.d  augmented,  In  particular,  a  centralized  frequency  synthesizer 
has  been  built,  and  a  distribution  System  has  boon  designed  and  iet  being  constructed*  This  syn¬ 
thesizer  (Fig.  1-5)  will  allow  synchronized  coherent  operation  ot  all  equipment  in  the  project  (see 
Part  2,  Ch.  VI). 

To  ensure  that  the  phase  and  amplitude  measurements  on  the  pulsed  transmitters  would  bo 
sufficiently  accurate,  it  was  necessary  to  design  and  build  a  high-quality  microwave  bridge, 

This  bridge  is  shown  in  Fig.  i-6  and  described  in  detail  in  Part  2,  Ch.  I. 

B.  RECEIVER  TEST  FACILITY 

Because  of  the  difficulties  experienced  in  testing  low-noise  receivers  in  the  "open,"  an 
11  x  14 -foot  shielded  receiver  Lest  room  Mas  been  procured  and  installed.  Inside  the  shielded 
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Fig.  1-4.  Block  diagram  of  receiver. 


room  are  sin  IK  sampler  mul  phase  metei  .  ns  well  ns  provisions  for  nxouni  iiifif  several  I  pa! 
receivers.  A  large  number  of  through  connect  ions  are  supplied  for  the  injeetion  into  the  shielded 
room  of  lovlr-froqueney  power  and  local  oscillator  and  teal -signal  voltages  from  the  central¬ 
ized  frequency  synthesizer.  This  insinuation  will  allow  long-term  stability  tests  oT  low-noise 
receivers  to  bo  made  aemimitomaticnlly  In  n  relatively  interi'erenee-freo  environment.  Fig¬ 
ure  1-7  shows  tt  tunnel  diode  amplifier*!,  together  with  IK  strips  installed  for  lost  purposes, 


C.  HIGH- POWER  FACILITY 


The  high-power  UK  testing  facility  described  in  TR-246  has  been  augmented  with  a  corona 
w.vdt*r  and  a  radioactive  source  that  .In  used  to  assure  the  initiation  of  corona  at  the  lowest  pos¬ 
tdate  gradients.  Those  facilities  arc  being  used  in  a  continuing  invesligal ion  of  the  power- 
handling  capabilities  of  strip  line  and  microwave  components.  :  In  addition,  some. facilities  have 
been  gilded  For  testing  power  distribution  component.?  at  DO  wnh  video  pulutis  applied.  Fig¬ 
ure  1  shows  a  high-voltage  lest  bench  which  includes  n  source  of  illrccl-nurrent  voltage  that 
Is.  variable  from  0  to  25  kv,  and  a  source  of  short  video  pulses  that  can  be  vurlud-  from  0  to  25  kv, 
This  bjfynch  it*  used  for  testing  cables,  connectors  and  other  high-voltage  components.  The  proj¬ 
ect  recently  acquired  a  0-  lo  50-kv  power  supply  and  modulator  complex  that  can  produce  a  few 
kilowatts  of  average  power  at  low  duly  ration,  system,  which  Is  presently  being  installed, 

will  be  used  for  Ihn  tenting  of  IransmitUng  lubes  and  high-power  DC  and  video  components, 

A  centralized  cooling  wnlor  system  has  been  installed  {Fig,  1-9).  This  system  in  capable 


of  holding  coolant  water  tonjporuturc  ajl  90*  F. while  removing  up  to  15  kw  of  boat,  it  supplies 
ion -free  and  filtered  cooling  wafer  to  the  linear  array  transmitter  and  to  high-power  and  trans¬ 
mitter  lost  fbcllif.ioH  /\h  needed. 


D.  TRANSMITTER  TEST  FACILITY 

The  16  rhodulea  Installed  in  the  linear  array  are  being  tested  for  operational  life,  In  addition, 
facilities  urci  available  for  tbe  bench  operation  of  up  to  four  more  of  Ihe  900- Maps  trnnamiUer 
modules,  These  facilities  include  complete  lest  harnesses  with  dummy  loadn  and  measuring 
equipment.  Modulation  drive,  UK  drive/  DC  power  ijiiul  cooling  water  are  supplied  from  the  same 
syaldfius  that  supply  the  transmitting  array.  This  sal  up  allows  modules  lo  be  repaired,  modified 
or.  readjusted  in  an  environment  closely  matched  to  the  one  in  which  they  are  life-tested 


E.  POWER  SUPPLY  AND  DISTRIBUTION 

A  centralized  power  supply,  distribution  and  control  system  (Fig.  I  -  in)  for  all  the  test  array 
electronics  has  been  implemented.  Since  no  special  effort  has  been  expended  to  standardize  the 
voltages,  approximately  20  difieronl  DC  voilagcs  arc  required  to  operate  the  existing  equipment. 
Well-regulated  sources  of  these  voilagcs  have  beer,  obtained,  and  the  voltage.*-:  are  now  distributed 
in  buses  so  that  they  are  available  essentially  everywhere  in  the  array  area,  A  "slandird”  con¬ 
trol  panel  and  a  reniole  swileh  have  been  developed  so  that  any  <>T  these  voilagcs  can  be  applied 
Lo  the  equipment  in  a  predetermined  sequence.  One-minute  and  5-niiiiu’ie  Lime  delays  are  avail¬ 
able.  These  control  circuits  are  integrated  with  the  I ransmiller  control  eireuiiry  described  in 
detail  in  Pari  2,  t  h.  V. 


Fig,  1-7.  Recolv«tr  test  setup  InsNil led  In  t-he  shielded  room. 


Fig.  1-8.  H igh~vo I  tage  test- bench. 
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F.  PHASED  ARRAY  RECEIVER  OPERATION 


A,. I.  Kalin 


The  receiver  army  described  in  TR-2R*  liar  l.uw*u  operating  on  an  H-hour  work  day  basis 
lor  over  MK>U  hours.  Phases  and  amplitudes  of  lln*  n  channels  arc  displayed  simultaneously 
on  an  oscilloscope.  In  addition,  a  sitnulatud  antcn,.a  pattern  is  displayed  on  a  I? -inch  oscillo¬ 
scope.  This  provides  a  means  of  checking  the  antenna  sidelohcs  the  result  oT  which,  in  turn, 
is  uu  indication  of  the  array  alignment, 

A  detailed  report  of  results  obtained  with  elect ron-henm  parametric  amplifiers  in  the  re¬ 
ceiver  array  can  be  found  in  G-Keport  ‘HG-L*  Although  this  report  is  concerned  mainly  with 
the  clod  ron-henm  parametric  amplifiers,  n  general  idea  of  thq  phase  and  amplitude  siabjlity 
of  Uu*  whole  system  can  be  deduced. 

Q,  TYPICAL  STABILITY  *  A.J.  Kalla 

1.  The  Teat  System  1  .  / 

The  test  system  described  in  TR-2J6  Ih  an  Integral  pari  of  the  phased  am'iy  losl  fucilily. 

One  of  the  many  functions  of. the  test  lystcm  is  the  testing  of  phased  array  components  for  long¬ 
term  phase  anti  amplitude  stability,  The  following  test  lilescription  is  presented  aa  an  example 
or  this  funclion, 

Several  _9on-McpH  balanced  mixers  wore  installed  in  foui  channels  of  the  test  rnok  in  the 
system.  The  frequency  synthesizer  supplied  appropriate  signal  and  local  oscillator  'Input a  to 
Iho  individual  cliuimols.  each  of  which,  from  Input  to  output,  consisted  of  n  900-Mcps  SAGE 
balanced  mixer,  n  wideband  30-Mcps  transistorized  IE  amplifier,  a  2-Mcps  transistorized  con¬ 
vert  or  nun  a  2- Mops  constant-amplitude  phase  shifter.  The  phase  shifter  was  required  for  inltinl 
setting  of  pluisc  and  amplitude  levels. 


AMPLITUDE 

TABLE  1 

LEVELS  TAKEN 
(25  June  1952, 

-1 

AT  ONE  CLOCK  TIME 

1208:00) 

Amplitudes  of  various  inpul  signals 

LI 

-0.  236 

L2  -0,345 

L3 

-0.  379 

L4 

-0.  539 

Output  amplitudes 
(0.02  volt  ==>  1  db) 

A1 

+0.  169 

A2  +0.167 

A3 

+0.  169 

A4 

+0.  170 

Output  phases 
(0,05  volt  «  1°) 

PI 

-0.013 

P2  -0.013 

P3 

-0.017 

P4 

+  0.004 

The  2-Mrps  outputs  from  each  channel  were  then  fed  into  Liu-  IE  sampler,  which  sampled 
the  output  of  each  channel  and  converted  it  into  a  200-keps  signal.  The  200-keps  sampled  signal 
was  then  applied  Lo  the  system's  semiautomatic  phase  meter  and  also  to  a  commercial  AC -to -DC’ 
converter.  The  DC  voltages,  which  were  proportional  to  the  phase  and  amplitude  level  of  each 
channel,  were  thus  produced  for  record  by  the  auLonialio  data  primer.  The  automatic  data 
printer  also  was  used  to  advance  the  II*’  sampler  lo  the  next  channel  for  another  reading.  Along 

*J.  H.  leele,  "Operational  Characteristics  of  16  Electron-Beam  Parametric  Amplifiers  in  a  900  Mcps  Phased 
Array/1  41G-I  IUJ,  Lincoln  Laboratory,  M.l.T,  (6  August  1962),  AST  I A  288223,  H-444. 
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with  this  information,  the  amplitude-  level  *  of  the  signal  and  l  oral  oscillator  source  a  worn  also 
recorded.  A  sample  of  the  output  record  taken  at  one  clonk  lime  is  shown  in  Table  1  - 1.  Read¬ 
ings  may  he  taken  automatically  at  preset,  intervals  of  1  minute  to  1  hour. 

A  computer  program  was  written  that  calculates  the  rms  error  of  a  set  of  individual  channel 
errors.  The  data  were  entered  on  IBM  cm  da  and  processed  {Figs,  1-11  and  I  -  i  2  > .  Figure  1-11 
is  n  plot  of  rms  phase  and  amplitude  vs  time.  Figure  1-12  is  a  plot  of  the  phases  and  amplitudes 
of  the  4  channels  compared  with  each  other  as  a  function  of  time.  Finally,  Fig.  1-11,  which  was 
dune  by  hand,  is  a  plot  of  signal  and  local  oscillator  levels  vs  time. 

2,  Test  Results 

The  rms  graph  (Fig,  1-1 1)  indicates  a  variation  in  amplitude  of  0  to  1. 115  db  and  □  phase  dif¬ 
ference  of  0  til  5.931°.  Note  that  the  4-channols  graph  (Fig.  1-12)  varies  in  step  with  the  rms 
graph,  Thu  Information  in  Fig.  1-13  provides  a  clue  to  the  exploitation  of  those  extreme  varia¬ 
tions,  This  graph  shows  that  the  largo  variation  in  the  900- Mops  signal  and  the  870- Mops  local 
oscillator  levels  occurred  in  the  same  time  period  as  the  extreme  variations.  Thus,  n  correla¬ 
tion  ox  I  si  s  bolwoeh  the  graphs  which  suggests  that  the  phase  and  amplitude  variations  were  duo 
to  the  changes  in  test  signal  nnd  local  oscillator  levels.  The  cause  for  the  signal  and  locul  oscil¬ 
lator  level  variation  was  found  to  bo  an  unstable  unit  in  the  frequency  synthesizer  of  the  test 
system, 

3.  Conclusion 

Although  the  results  of  the  lest  were,  marred  by  the  instability  of  the  signal  tine  local  oscil¬ 
lator  sources,  it  may  he  conch  '  •>1  the  teal  system  operated  satisfactorily, 
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Fig.  1-11.  Errors  in  rms  phase  ar»d  amplitude,  Value  at  start  of  test  is  reference  for  zero  errors. 


PART  2 

TECHNIQUES  AND  COMPONENTS 


CHAPTER  I 

MICROWAVE  TECHNIQUES  AND  COMPONENTS 


SUMMARY 

This  chapter  describes  the  microwave  component  development  work  carried  out  during  the 
reporting  period.  The  first  section  describes  the  present  RF  diode  switch  that  has  been  de¬ 
signed  In  strip  line.  An  RF  digital  phnso  shifter,  a  dupJ.exer,  n  modulator  and  n  limiter  employ" 
Ing  similar  switches  or  circuit  py  arc  then  described.  Subtopics  include  selection  of  diode  typos, 
phitfic -measuring  considerations  and  techniques,  phase  and  amplitude  monitoring  and  atrip  lino 
3-db  couplers.  In  Iho  last  sections,  a  passive  multiple-beam  beam  "forming  matrix,  a  small 
array  for  anlenna  clement  measurements  and  n  very  sensitive  900-Mcpfl  RF  bridge  are  described. 
Finally,  some  ferrite  phase  shifter  development  work  supported  by  the  Lincoln  Laboratory  phased 
array  project  Is  mentioned  briefly, 

A.  INTRODUCTION*  ID.  II.  Temme 

The  role  of  HF  switches  as  digital  microwave  components  useful  in  digital  electronic  scan¬ 
ning  array  control  has  born  discussed  in  Tcchnioul  Reports  22Bt  and  236.J  Since  mast  arrays 
will  have  a  digital  controller,  the  microwave  elements  being  controlled  should  simply  accept 
logic  Bignnis.  The  function  of  these  logic  signals  Is  to  control  the  routing  and  delaying  of  micro¬ 
wave  signals  to  and  from  antennas.  The  reception  and  execution  of  such  digital  signals  can  read¬ 
ily  bo  accomplished  with  good  HF  switches, 

Such  switches  should  have  attributes  like  ihoac  of  good  digital  logic  components.  They  should 
he  simple,  cheap,  reliable  and  operate  with  wide  control  signal  margins.  Intensive  effort  on  the 
pari  of  many  svorkers  has  brought  nboul  good  digital  logic  components  for  computers.  It  seems 
quite  probable  that  only  similar  intensive  effort  will  make  nrrn.ys  practical  and  that  good  RF 
switches  and  swilchnble  delays  will  be  among  the  basic*  "building  blocks." 

This  chapter  reports  the  past  year’s  work  with  HF  strip  line  diode  switches.  The  design 
aspects  of  a  single  switch  ns  currently  conceived  are  discussed  first,  since  they  are  a  part  of 
every  application.  In  the  discussion  of  applications,  some  sublopics  appear  that  have  broader 
scope  than  just  switch  design.  However,  since  these  topics  arose  in  conjunction  with  switch  work, 
they  are  included  here. 

*  The  author  would  like  to  acknowledge  the  helpful  discussions  and  advice  of  Dr.  R.  H.  Rediker  of  Group  85  and 
Dr.  A.  Uhlir  of  Microwave  Associates.  Also,  a  great  deni  of  general  information  has  been  obtained  from  the 
following  reports: 

Bell  Telephone  Laboratories,  "Microwave  Solid  State  Devices,"  U,  ‘3.  Army  contract 
No.  DA36-039  SC-85325. 

Microwave  Associates,  "Pho<e  Shifter  Study  Program,"  Navy  Department  Bureau  of  Ships, 

Electronics  Division,  Contract  No.  NObsr-81470,  Index  No,  SR  0080302-148. 

t-J.L.  Allen,  etaL,  "Phased  Ar>ay  Radar  Studios,  1  July  1959  to  1  July  1960,"  Technical  Roporf  No.  228  |U|, 
Lincoln  Laboratory,  M.l.T.  (12  August  1960),  ASTIA  249470,  H-335. 

JJ.L,  Allen,  e_tgL,  "Phased  Array  Radar  Studies,  1  July  I960  to  1  July  1961,"  Technical  Report  No.  236  |U|, 
Lincoln  Laboratory,  M.l.T.  (13  November  1961),  ASTIA  271724,  H-474. 


13 


(b)  Assembled  structure. 


Fig.  2-1  .  Rf:  diode  strip  line  switch  design. 
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B.  RF  DIODE  STRIP  LINE  SWITCH  DESIGN 


H.  II.  Tom  me 


Figures  2-  1(a)  and  (h)  show  the  present  shunt  HI*’ diode  strip  line  switch  design,  made  of 
Tcllite  dielectric  strip  line.  Figure  2~2  shows  the  lumped  circuit  equivalent.  The  significant 
circuit  parameters  when  the  switch  provides  isolation  between  the  source  and  load  are  shown  in 
Fig.  2-3.  The  DC  forward  bins  is  applied  through  the  high -impedance  branch  composed  of  the 
inductive  stub  I»lBO  and  bypass  capacitor  Cj  «  The  bias  causes  C((  to  be:  effectively  Infinite. 
Two  branches  in  Fig.  2-2,  namely,  the  branch  and  the  L.flo,  branch,  are  high- 

impedance  branches  ancl  can  be  neglected  In  calculating  the  isolation,  The  diode  series  resist¬ 
ance  H  ,  the  mounting  inductance  L  and  the  scries  tuning  capacitance  C’Ht  are  series -resonant 
at  the  center  frequency,  The  Isolation  L  is 


where  /.B  -  Ua  -l  J(«La  -  l/wCm). 

The  significant  circuit  parameters  when  the  switch  is  revorse-biusod  and  connects  the 
source  and  i ho  loud  are  shown  in  Fig.  2-4,  The  net  diode  branch  reactance  Xc  la  csBuntinlly  the 
roaclnnro  of  diode  reverse -bias  capacitance  C’.  The  net  inductive  reactance  Xj  ol  the  tuning 
stub  consists  of  l.f  mid  Those  reactances  are  pnraUcl-rcHonnntj  and  the  resultant  insertion 

Iohr  I  is 


..XjIUi^  i  jx41) 


L 

**  t;— jt-  at  the  resonant  frequency 
d‘\3 

■%(W  • 


The  culoTf  frequency  generally  given  in  the  diode  specification  is  2irRflCcj. 

In  the  strucltire,  C‘ql  is  a  parallel  plate  cnpacilo?*  consisting  of  aluminun.  electrodes  on 
Mylar.  The  electrodes  are  formed  l»v  ovaporal ing  at  least  one  micron  of  aluminum  on  Mylar. 
Mr-producible  values  of  C’gJ  have  boon  obtained  by  (his  technique.  The  loss  of  Mylar  is  negligi¬ 
ble  a*  (,-band  for  single  diode  switch  isolations  of  less  than  about  5U  db.  The  thickness  toler¬ 
ance  of  Mylar  is  superior  to  lower-loss  dielectrics  like  Teflon  and  polyethylene. 

An  cl  dic'd  beryllium-copper  lab  H  two  mils  thick  placed  between  the  capacitor  ancl  the  diode 
provides  the  connection  to  the  high-impedance  DC  bias  stub.  The  quarter-wavelength  stub  is 
"shoricd"  with  an  II  F  bypass  capacitor  ('j^. 

Several  types  of  KF  bypass  were  tried.  A  low-impedance  quarter-wavelength  open  stub 
works  well  but  takes  considerable  space.  Figure  2-B  siiows  a  more  compact  "symmetrical11 
capacitor  construction  in  the  board  that  seems  to  have  negligible  series  inductance.  The  ground 
planes  arc  extended  inward  to  the  center  of  1  lie  board.  The  center  conductor  (a  Lwo-mil-thick 
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Fig.  2-2.  Lumped  clreulr  equivalent. 


Fig.  2-3.  Isolation  stare . 
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Fig.  2-4.  Transmission  stale. 


Fig.  2-5.  Internal  symmetrical  capacilor. 


HI  Slim 
CCNTT  R 

conduc i on 


DIELECTRIC 


OC  BIAS 


ROI-T  COPPER  H>!L 


piece  of  beryllium  coppei ,  sandwiched  between  Mylar)  connects  to  the  a'lilm*  .strip  of  the  dieloc- 
trir  hoard.  At  L-band  frequencies,  the  insertion  loss  ran  bo  computed  with  sufficient  accuracy 
by  computing  the  parallel  plate  capacitance  and  inserting  the  reactance  in  the  insertion  loss 
formula  |Hq.  (!)].  The  use  of  only  one  block  is  .structurally  simpler,  however,  this  unbalances 
the  line  and  "introduces  series  inductance."  If  the  dimensions  arc  carefully  chosen  to  obtain 
sorios  resonance,  good  isolation  c*in  bo  achieved  over  at  least  a  20  percent  band.  Another  capac¬ 
itor  (Fig.  2-6),  which  has  electrical  symmetry  between  the  input  load  and  ground,  has  been  used 
successfully  on  the  external  surface  of  the  board. 
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Fig.  2-6.  Extsrnol  jymmotrlcol  capacitor. 

Since  the  Junction  capacitance  of  some  typos  of  microwave  diodes,  unsolcntod  from  a  pro¬ 
duction  run,  varies  considerably,  n  tunable  inductive  stub  is  provided  with  a  variable  capacitor 
terminating  the  slub.  This  is  merely  n  screw  extending  from  one  ground  piano  In  the  center  con¬ 
ductor.  A  piece  of  Mylar  is  placed  hoi  ween  (he  renter  conductor  and  the  screw  (o  prevent  short¬ 
ing.  This  capacitor  has  some  temperature  sensitivity  because  of  the  thermal  expansion  of  the 
Tolllto  board  used,  An  integral,  rigid  two-plnlc  capacitor  could  bo,  but  has  not  boon,  constructed. 

Some  idea  of  the  percentage  bnndwldlhs  obtainable  with  such  structures  follows  from  circuit 
Q  calculations  of  the  lumped  circuit  equivalents  in  bigs.  2-J  and  <!-«!,  Those  vniluos  set  an  upper 
limit.  For  the  isolation  state.  Q  u>l,g/Ha;  for  the  transmission  state,  Q  *Zq/2Xj.  The  depar¬ 
ture  from  those  values  Is  greatest  for  the  transmission  stale  because  I ^  id  a  frequency-sensitive 
piece  of  transmission  line.  'Phis  departure  Is  minimized  by  using  the  highest  impedance  readily 
attainable  in  strip  tine  (about  200 ohms)  and  keeping  the  slub  ns  short  as  possible  to  reduce  the 
frequency  sensitivity. 

In  phased  array  applications,  the  amplitude-phase  characteristic  (transfer  function)  is  im¬ 
portant  Generally,  one  can  say  that  a  switch  or  any  network  transfer  function  must  satisfy  at 
least  the  following  two  requirements. 

(1)  It  must  insure  the  required  signal  summing  in  an  array.  A  necessary  and 
sufficient  condition  for  meeting  this  requirement  is  that  the  deviation  of 
the  transfer  function  of  corresponding  networks  from  their  nominal  values 
be  within  appropriate  tolerances  (except  I  he  phase  shifter  or  time  delay 
discussed  below,  which  has  further  restrictions).  This  can  be  chocked 
simply  by  an  amplitude -phase  tracking  measurement  with  two  wideband 
3-db  hybrids  (Fig.  2-7).  At  l.-band,  it  is  possible  to  achieve  an  amplitude- 
phase  sensitivity  of  O.ldb  —  T  over  at  iea3t  a  i0  pc »  cent  band. 

(2)  The  microwave  network  must,  preserve  reasonably  well  the  characteristics 
of  video  information  required  for  signal  processing.  These  requirements 
may  vary  greatly  in  different  systems  and  must  be  analyzed  for  each  sys¬ 
tem.  Some  measurements  of  this  type  arc  given  below  in  the  applications. 
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»'!g.  2-7.  Amplitude-phase  tracking  measurement. 

Finally,  the  choice  of  circuit  nnd  diode  parameters  of  the  dlmio  switch,  which  will  depend 
on  the  application,  is  covered  in  ench  of  the  lippllcullans  dlscuaaod  below.  (The  condor  interested 
in  limitations  Imposed  by  the  present  dlodo  fabrication  technology  is  referred  io  a  recent  paper* 
by  Fpperiy,v) 

C,  A  9 00 -Mr. pn  DIGITAL  PHASE  SHIFfER  n.H.  Tonuv* 

In  this  section  a  900-Mcpa  diode  phase  shifter  la  described  and  the  experimental  results  ob¬ 
tained  with  it  nrc  given,  Some  design  considerations,  phase  measurement  techniques  and  states 
of-thc-nrl  limitations  of  digital  phase  shifters  are  then  dlscusHori. 

Figure  2-8  shows  a  4-hlnnry-dlgU  HF  dlodo  phase  shifter  initially  used  in  the  Group  41 
transmitting  teal  army.  Figure  2-9  is  an  KF  schematic  depicting  the  operation  of  two  cascaded 
bits.  It  can  be  thought  of  as  an  “electronic  lino  stretcher"  lluii  can  bo  used  for  phase  shirting  or 
lime  delay.  Ener  gy  entering  port  A  is  divided  equally  between  the  two  diode  arms.  It  la  re¬ 
flected  from  the  diodes  if  forward-biased  {isolating),  or  from  the  terminating  capacitor  if  the  di¬ 
odes  are  reverse-biased  (transmitting).  This  reflected  energy  sums  at  connection  A  nnd  goes 
to  the  next  bit.  The  differential  line  length  introduced  by  one  bit  Is  equivalent  to  the  change  in 
phase  of  the  reflection  coefficient  at  a  point  in  front  of  the  diodes  because  df  the  introduction  or 
removal  of  the  sections  of  line  behind  them.  If  the  diode  were  ideal,  the  terminating  capacitor 
could  be  replaced  by  a  fixed  short,  its  location  behind  the  diode  being  selected  to  give  the  differ- 
enlial  line  Length  desired.  To  accommodate  varying  junction  capacitance  of  diodes  and  some 
tolerance  in  mechanical  diode  positioning,  the  effective  electrical  length  of  the  stub  behind  the 
diode  is  appropriately  adjusted  with  a  terminating  variable  c.  pacitor.  This  stub  includes  the 
reactance  required  to  nurallol-rcsnnatc  the  junction  capacitance  when  the  diode  is  reverse-biased. 
The  bias  structure  is  essentially  the  same  as  that  described  in  the  previous  section.  The  RF 
bypass  is  the  unbalanced  series-resonant  type  described  in  Sec.  R  of  this  chapter,  except  that 
rivets  instead  of  copper  foil  connect  one  capacitor  plate  to  the  ground  plane. 

Following  is  a  list  of  iest  data  obtained  with  units  of  the  typo  shown  in  Fig.  2-B. 


*W.F.  Epperly,  "Varactor  Fabrication  for  Microwave  Applications/'  Proc.  National  Electronics  Conference), 
18,  406(1962). 
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(a)  Opened  structure 


Mill#* 


(b)  Assembled  structure. 


Fig.  2-B,  Four-binary-digit  RF  diode  phase  shifter. 
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Phneo  deviations 
Insertion  Iona 
VHWR 

Pnwoi'r  handling  capability 

Koaet  time 
Forward  bias 

Hovorso  hil\B 


o8  to  6“  spread,  i  f)8  typical 
0,b  to  1.7-db  spread 
1,4  max,  1,2  typical 

tostod  to  100-watt  peak,  iO-pso©  pulse, 

1  per  pent  duty 

about  1  psui: 

50  mn/dlodo,  at  least  25  percent  variation 
permissible 

200  volts,  25  percent  variation  permissible 


The  device  shown  In  Fig.  2-fl  Is  tempo raturT-flonsUlvo  hccmisc  the  terminating  variable  capacitors 
ure  temperature-sensitive.  This  problem  has  been  solved  by  redesigning  the  onpaettors  In  Home 
lulcr  units. 

There  are  numerous  considerations  In  the  design  of  n  phase  shifter  or  time  delay.  Those 
flint  have  been  investigated  arc  reported  next  as  subtopics. 

3-db  Couplers:-  The  use  of  3-tlb  cascade  couplers  with  diode  arms  theoretically  permits 
the  construction  of  a  balanced  structure  with  a  good  match  over  n  wide  bandwidth.  The  construe- 
Mon  of  n  "good"  coupler  baa  not  yet  been  accomplished,  'Hie  design  criteria  of  Cohn*  have  been 
used  ns  n  guide.  On  the  basis  of  these  formulas,  the  parameter’s  shown  in  P'ig.  2-10  were  chosen: 
s  -  27.0  mils,  b  •=  277.0  mils.  Unfortunately,  matching  simply  into  the  coupled  section  is  difficult, 
and  the  type  of  entrance  influences  the  coupling.  Capacitive  stubs  have  been  used  to  tune  the 
junction,  The  length  of  the  stubs  and  the  width  of  the  coupled  strip  were  varied  until  a  VSWK  uf 
lens  Ilian  t.  l,  an  isolation  of  about  30  db  and  an  equal  power  division  (within  0.1  db)  were  achieved, 
The  width  of  the  coupled  region  in  Fig  2-H  Is  127  mils,  This  contrasts  with  a  width  of  1 18  mils 
for  a  symmetrical  coupler  shown  in  Fig.  2-11. 

The  performance  of  a  coupler  is  very  apparent  in  a  cascaded  chain.  Mismatches  and  unequal 
coupling  arc  obvious  in  VSWK  vs  frequency  plots.  Figure  2-12  is  a  VSWK  vs  frequency  trace 
of  two  different  printed  boards  containing  only  the  phase -shift or  cascaded  couplers.  The  physical 
difference  is  in  I  he  variation  of  lire  thickness  of  the  center  copper-clad  27-mil  substrate  board  on 


*5.B.  Cohn,  "Characteristic  Impedances  of  Broadside-Coupled  Strip  Transmission  Lines,"  Trans.  IRE,  PGMTT 
MJM/  633  (1960). 


20 


Pig.  2-10.  Broodilde  coupled  tlrlp*. 


Fig.2-il,  Symmelrical  coupler. 
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(b) 

Fig.  2-12.  VSWR  vs  frequency  trace  of  two  different  four -c  a  scad  «d  coupler  boards. 

which  i ho  coupled  strips  were  etched.  The  thickness  tolerance  on  the  Tclllto  hoard  used  wna 
±i  ,*>  mllH.  Kocently,  the  manufacturer  haw  been  able  to  wupply  material  having  thickness  tolor- 
n  urn  a  of  ±n  Haiti,  Improvements  attainable  with  this  tolurance  have  not  boon  evaluated,  but  it 
is  expected  Ibal  such  tolerances  will  permit  the  construction  of  "good"  couplers.  The  insertion 
loss  of  a  phase  shifter  without  diodes  is  about  O.Jdb.  'flic  phase  shifters  (without  diodes)  phase- 
track  within  2°  over  a  10  percent  hand;  the  phase  deviation  from  linear  over  this  band  is  about 
*16°.  This  is  probably  satisfactory  for  systems  using  short  pulse  trains.  The  diode  stubs,  how¬ 
ever,  should  have  a  constant  electrical  length  characteristic,  since  they  provide  the  phase  shift 
or  time  delay. 

Diode  Selection;- -  As  a  first  step  toward  a  10-kw  phase  shifter,  and  in  order  to  meet  the 
present,  need  of  the  900-Mcps  transmitting  array,  ;i  diode  with  a  power-handling  capability  of  no 
more  than  a  100-wnlt  peak  for  a  lO-jusec  pulse  was  consider  cd  adequate.  The  PIN  structure  per¬ 
mits  a  large  junction  area  and  low  reverse-bias  capacitance.  The  large  junction  area  helps  to 
reduce  the  scries  resistance  and  in  dissipate  the  heat  due  to  losses.  Several  PIN  types  fabricated 
by  Microwave  Associates  were  tested  hv  the  manufacturer  and  the  author.  Some  of  Hie  param¬ 
eter  variations  of  the  PIN  types  were  variations  in  the  resistivity  of  starting  rualcrinls,  diffusion 
profiles  and  junction  areas.  Two  lots  of  high*  voltage  varactors  were  also  included  in  the  tests. 

K valuation  criteria  included  breakdown  voltage,  forward-bias/revcrsc-bias  KK  impedance  ratio, 
variation  of  UK  impedance  with  forward  bias  and  switching  time.  One  PIN  lot  now  manufactured 
by  Microwave  Associates  as  the  MA-I2-IH  seemed  superior  in  all  respects. 
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Several  MA-1248  PIN's  have  been  IH'-toslrd  to  a  reverse  voltaic  of  BOO  volts  with  no  appar¬ 
ent  avalanche  current.  A  low  of  the*  units  have  avalanche  voltages  between  300  and  BOO  volts. 

Tho  typical  UK  junction  capacitance  is  0,6  pf  (a  spread  of  about  0,1  pH  I’m-  reverse  bias  greater 
than  10  volts,  Tho  H  F  capacitance  for  a  partic  ular  unit  la  essentially  constant  for  voltages 
greater  than  10  volts,  When  forward-biased  to  B0  ma,  the  scries  resistance  is  typically  less 
than  1  ohm. 

Although  a  thorough  investigation  of  tho  power -handling  capability  of  Ihoso  diodes  has  not 
boon  made,  Some  trials  of  an  experimental  procedure  that  may  be  adequate  for  such  dctcrmlna* 
lions  have  been  made  to  ensure  that  tho  MA4248  is  adequate  for  power  levels  required  lit  the. 
test  t  ransmitter,  When  the  dtodc  is  forward-biased,  the  heat  dissipation  capability  of  the  diode 
is  the  limiting  factor,  Therefore,  Information  about  the  thermal  proportion  of  the  diode  is  re¬ 
quired.  If  tho  thermal  properties  of  tho  silicon  wo  for  and  tho  connections  to  lino  wafer  determine 
the  dominant  thermal  factor.,  then  the  following  first -order  differential  equation  may  be  an  ad¬ 
equate  description  of  tho  thermal  properties  of  a  diode  for  engineering  purposes: 

l'f  -Pn-KT  , 

where 

(’  -  thermal  times  of  the  silicon  wafer, 

T  temperature  riHo  of  Uic  wafer  above  the  case  temperature, 
t  lime, 

diode  dissipation, 

K  ••  heat  conductivity  factor  relating  the  heat  flow  from  tho 
wafer  to  temperature, 

Tito  diode  dissipation  can  readily  be  measured.  Since  the  IK*  volt  ago -rur  rent  characteristic 
of  a  diode  function  is  tcmperulure-dcpcndont  (see  Fig.  2-13),  the  diode  itself  Is  a  thermometer 
specifying  the  temperature  (a  detailed  description  would  account  for  temperature  variation  within 
I  he  wafer),  Tho  solution  of  the  equation  is 

'I  -  Tj.)  I  -  u~'/r)  , 

where 

T|.  -  l’jj/K,  final  or  steady -stale  temperature, 

t  ('/ K,  the  the  rmal  lime  constant. 

Such  a  description  is  probably  adequate  for  most  diode  applications,  and  Fig.  2-14  shows  n  dia¬ 
gram  of  the  circuit  that  has  been  used  to  measure  the  two  diode  parameters  r  and  K  when  the 
above  description  does,  indeed,  bold.  A  pulse  of  UK  power  is  applied  to  a  forward-biased  diode 
that  terminates  the  line.  'The  l)(‘  voltage  drop  of  the  diode  is  observed  with  an  oscilloscope  after 
the  pulse,  Tho  bias-monitoring  branch  of  the  circuit  must  have  good  ItF-IJC*  isolation,  and  the 
circuit  time  constants  must  be  chosen  so  as  not  to  obscure  the  thermal  time  constants  to  bo  ob¬ 
served  (readily  checked  by  replacing  the  diode  with  a  short).  Figure  2- IB  shows  an  oscillograph 
(race  obtained  with  the  circuit  for  an  MA424R  diode*.  This  particular  diode  was  one  from  an  early 
run  and  I  lit;  lime  constant  in  on  the  order  of  iOOiisrc.  Frcsonl  units  cluster  around  700psec,  with 
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Temperature 


Power 


Temperature 


Power 


An  MA4248  diode  of  an  early  run 
Note!  Peak  RF  Power  -  60  watts 


Fig.  2-15.  Thermal  time  constant. 

a  spread  of  about  200  y.8ec,  The  typical  value  of  K  for  a  50-mn  bias  is  0.2watt/0C,  with  n  spread 
of  about  0.1.  These  values  should  be  regarded  only  ns  indicative  and  should  not  he  used  for  de¬ 
sign  purposes, 

The  next  question  is:  What  is  a  safe  maximum  junction  temperature?  There  seems  to  be  a 
considerable  amount  of  life  data  on  transistors,  power  rectifiers  and  varactors  suggesting  a  re¬ 
lation  between  the  logarithm  of  (he  failure  rale  and  the  inverse  nf  the  junction  temperature.*  A 
million-hour  lifetime  seems  to  be  common  for  a  junction  temperature  of  100°C.  A  junction  tem¬ 
perature  of  150°C  may  increase  the  failure  rate  by  a  factor  of  10,  Similar  life-test  programs 
are  being  initiated  for  the  M Ad 248. 

A  criterion  for  reverse-bins  power-handling  capability  and  reliability  has  not  been  found, 

The  RF  voltage  can  considerably  exceed  the  reverse  bias  without  forward  conduction,  Carriers 
cannot  traverse  the  intrinsic  region  during  an  UK  cyclic  period.  The  charge  injected  during  the 
positive  swing  is  withdrawn  during  the  negative  swing  before  any  substantial  diffusion  and  recom¬ 
bination  can  occur.  The  inject  ion  and  withdrawal  of  charge  from  the  intrinsic  region  is  not  lossless, 


*See,  for  example,  D.S,  Peck,  "A  Mesa  Transistor  Reliability  Program,"  Solid  State  Journal  2.5  (November/ 
December  1960). 
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Fig,  2-16,  Phaia  bridge  for  phase  shifter  alignment. 


3  (vollnii1.)  Hlnmliitij  wove*  iu(io) 


Ill i.'  magnitude  prolmMy  being  fmu  l inanity  related  lo  the  amount  of  the  injected  charge.  As  an 
indication  of  the  magnitude,  the  loan  in  itt>  seems  to  be  about  double  lor  .UK  swings  of  twice  the 
bias  voltage.  Working-stress  life  tests  of  some  sort  spent  in  order  if  we  are  to  learn  more  about 
re  verse -bias  power-handling  capability,  and  such  tests  are  under  cons  idernt  inn. 

Kor  large  reverse -hina  power-haiuiling  capability,  diode  strings  similar  to  power  rectifier 
diode  airings  might  be  »  soLulion.  However,  it  aOc.'YlH  that  practicality  fur  array  application  will 
be  belter  assured  by  a  belter  understanding  of  the  reliability  factors  at  HI'1  frequencies, 

D,  VARIATION  IN  PHASE  SHIFTER  ATTENUATION  l).  II.  Tom  mo 

No  attempt  was  made  lo  koop  I  lie  attenuation  of  the  phuHO  shifter  constant.  This  was  not 
considered  Important  for  the  Group  41  transmitting  teat  array,  since  tho  power  amplifier  is  run 
in  a  saturated  state  and  can  tolerate  considerable  Input  variation,  If  constant  attenuation  ia  de¬ 
sired,  the  reflection  coefficient  of  the  diode  ar  m  must  be  the  same  In  each  state.  Hither  the 
junction  area  must  bo  chosen  appropriately  for  each  bit  or  an  appropriate  charnel  epistle  imped¬ 
ance  must  bo  chosen  for  the  diode  arm  of  oach  bit,  Tho  latter  choice  requires  an  Impedance 
transformer  into  the  coupler.  Tho  choice  will  depend  on  system  requirements  such  as  bandwidth, 

E.  PHASE  SHIFTER  ALIGNMENT  AND  MEASUREMENT  PROCEDURE  D.  11.  Tommo  % 

Figure  ?.-U%  lr.  a  mhumnlic  of  the  phase  bridge  used.  This  type  of  system  was  chosen  bo- 

onuso  U  does  not  have  high  standing  waves  anywhere  and  therefore  permits  good  accuracy  with 
reasonable  component  mlHmntchoH. 

The  effect  of. mismatches  on  the  phase  of  the  transmitted  signal  ta  illustrated  in  Fig.  2-17, 
When  signal  Dow  analysis  in  lifted,4  Ihc  ratio  of  tho  incident  voltage  Vj1  at  port  1  and  load  voltage 
V,  -  V1  t  V'2  at  port  2  is 


\'i  (i  +  r,t  (i  ira)  nc"j° 


( I  jnl  <r  e*’0 


1  -  ar“  V  ‘  c 


*j2G 


when 


(3) 


where  Pj,  P^  arc  the  reflection  coefficients  corresponding  lo  mismatch  susceplnnccs  11^, 
Examination  of  this  expression  shows  the  variation  from  linear  pnnsc  as  the  line  stretcher  is 
varied  lo  be 


d,0  :Llnir1|</r‘i|  lor  |r|'|  «  1  .  (4) 

ll  is  common  lo  define  a  mismatch  in  terms  of  the  standing  v/nve  ratio  S.  Figure  2-18  is  a  plot, 
of  AO  vs  S.  Thu  inclusion  of  a  pad  with  attenuation  rv  shows  how  the  judicious  placement  of 
"good”  pads  significantly  reduces  the  deviation  of  phase  from  linear.  Extension  of  Ibis  type  of 


*J.K,  Hunton,  "Analysis  of  Microwave  Measurement  Techniques  by  Means  of  Signal  Flow  Graphs/1  Trans.  IRE, 
PGMTT  MTT-8,  206  (1960). 
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analysis  to  n  shnnl  and  equal  discoid imiiUes  with  line  stretchers,  bid  no  pads,  between  the  dis¬ 
continuities  gives 

,Mt  n(n  15  mn" 1  C') 

Many  variable  attenuators  do  nut  have  constant  input-output  phase  aha  met  eristics.  A  varia¬ 
ble  rout  rad  i.  eetionni  coupler*  was*  ejm*en  ms  an  attenuator.,  since  It  has  rpiitc  constant  phase 
between  the  input  and  the  output  signal  at  a  spot  frequency  when  the  attenuation  la  about  lRilh, 
for  example.  't'hc  coupling  equation  for  the  attenuator  is 


_jk  sinG _ 

J \  -  ku  coa  O  l  j  slii  0 


where 

k  -  voltage  coupling  factor, 

O  -•  electrical  length  of  the  coupled  region. 

Thus,  for  a  fixed  frequency  k  l, 


V 


out 


kV 


in 


(6) 


(7) 


When  line  slrclohorH  nnd  cottplera  of  good  quality  are  used,  the  phase  bridge  has  a  precision  of 
O.!’1  and  an  estimated  accuracy  of  better  than  0.5°. 

To  align  the  phase  shifter,  each  hit  is  set  to  the  desired  value  by  adjusting  the  terminating 
variable  capacitor  while  both  the  VKWR  and  phase  shift  arc  observed.  How  well  the  various  bits 
sum  Is  an  indication  of  the  "quality"  of  the  phase  shifter. 

F.  LIMITATIONS  OF  STEPPED  PHASE  SHIFTERS  AND  TIME  DELAYS  0,11,  Temmc 

There  arc  a  number  of  factors  that  determine  how  well  a  stepped  phase  shifter  or  time  de¬ 
lay  will  sum  the  individual  steps.  No  attempt  has  hern  made  to  analyze  the  composite  effect  in 
one  mathematical  expression,  because  it  is  felt  that  it  would  lie  more  unwieldy  than  valuable, 
However,  the  magnitude  of  these  factors  can  be  assessed.  For  this  purpose,  the  phase  shifter 
is  thought  of  as  cascaded  line  stretchers  with  shunt  input  susceplanccs.  Equation  (5)  can  be  used 
l<.  calculate  l bo  maximum  errors  of  such  "equivalent  phase  shifters."  Magnitudes  of  such  "equiv¬ 
alent  suKccpIaneos"  for  various  imperfections  follow. 

Mismatch  of  Coupler  .1  mid  ion:—  The  match  of  the  junction  into  the  coupled  strip  was  em¬ 
pirical.  A  VSWU  of  1.1,  together  with  Kq.  (5),  indicated  that  one  ought  to  make  couplers  with 
better  VSWU. 

Incorrect  Coupling:-  From  scat  luring  considoral  ions,  the  input  voltage  standing  wave  ratio 
S  of  a  coupler  with  unity  reflecting  arms  and  voltage  coupling  k  is 


l<  ‘ 

> 

1  k 


(81 


* B.M.  Oliver,  "Directional  Electromagnetic  Couplers,"  Proc.  IRE  42,  1686(1954). 


For  a  M,l)-db  coupler,  S  1.05,  From  Kq.  (5)  it  in  apparent  Unit  this  i.an  cause  a  noticeable 
effect  in  the  ability  uf  a  stepped  phase  shifter  to  sum  the  individual  phase  steps. 

Dissimilar  Diode  Anna.*-  The  input  reflection  coefficient  of  a  perfect  coupler  with  dissimilar 
diode  arms  and  mat  (‘hod  load  is 


1  In 


1/2(1'! 


(9) 


where  V  ^  and  are  the  input  refloat  Ion  coefficients  of  the  diode  arms.  To  get  a  number,  as¬ 
sume  that  good  mechanical  positioning  of  the  diodes  is  possible  ami  that  tuning  adjustments  assure 
tho  same  reflection  coefficients  (this  is  possible  nt  n  spot  frequency  -  the  application  intended  for 
the  above  phase  shifter).  If  the  standing  wave  ratio  In  ono  arm  Is  30 db  and  that  in  tho  other  is 
34  dl>  (n  vnlUO  spread  that  lias  been  experienced),  the  input  at  muling  wave  ratio  is  1.04.  This  can 
Cause  a  noticeable  summing  effect. 

The  above  cursory  analysis  indicates  why  summing  errors  of  6°  (:1,6  s  typical)  have  been 
measured,  It  Is  felt  that  the  greatest  payoff  In  effort  will  bo  in  tho  improvement  of  tho  coupler, 
which  appears  fenslblo  with  the  tighter  Talllto  board  thickness  tolerances  that  have  just  become 
available. 

In  conclusion,  It  is  felt  that  n  high -quality  and  reliable  stepped  phase  shifter  can  he  made  if 
more  attention  is  given  to  the  many  details  during  the  development  effort. 


G,  900-Mcpa  DUPLEXED  MONITOR  BOARD  D.  II.  Teminc 

Figures  2- 19(a)  anil  (b)  arc  photographs  of  the  duplexor-monitur  board  used  in  tho  Group  41 
transmitting  teal  array.  An  RE  schematic  is  shown  In  Fig.  2-20.  Energy  from  the  transmitter 
is  routed  via  a  circulator  to  the  antenna.  Reflection  from  the  anlonn.t  clue  to  mutual  coupling 
goca  back  through  the  circulator  and  is  routed  by  a  balanced  diode  duplexor  into  a  loud.  This 
scheme  provides  a  good  match  for  the  transmitter.  When  ll  is  received,  the  Bignnt  from  the  an¬ 
tenna  goes  through  the  circulator  and  is  routed  by  the  duplexor  to  the  receiver. 

Following  is  a  list  of  lest  data  on  the  duplexor, 


Receiver  Insertion  loss 
VSWIi 

Receiver  protection  during 
transmit 

Power-handing  oapnbil ity 

Diode  switching  time 
Forward  bias 
Reverse  bias 


0.4  ilb  at  center  frequency,  0.6  db 
al  edge  of  10  percent  baud 

less  than  1.3  over  10  percent  hand 
for  both  receiver  and  transmitter 

greater  than  60 dh  over  i()  percent 
band 

tested  to  7-kw  peak,  iO-psoc  pulse, 
1  percent  duty 

about  1  psec 

50  nut/cnodc 

30  volts 


Tho  3-db  coupler  design  is  identical  to  those  used  in  the  phase  shifter.  The  diodes  used’ in 
the  balanced  duplexor  are  Western  Electric  UA51692  PIN  diodes.  These  units  contribute  about 
9.2 db  toward  the  receiver  insertion  loss  and  about  40 db  of  receiver  protection  at  \he  renter  ire 
quency.  The  switch  following  the  balanced  duplexor  uses  an  MA4248  diode  described  under  tho 
nhase  shifter.  This  unit  contributes  about  O.ddb  to  the  receiver  insertion  toss  and  30  db  of  re¬ 
ceiver  protection  al  the  ('enter  frequency. 
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(a)  Caponed  structure. 


P73«-Ht 


(b)  Assembled  structure. 


Fig.  2-19.  Monitor-duplexer  assembly. 
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Fig,  2-20 ,  Dupiexer-monltor  board, 


Two  couplers  lire  included  In  I  he  board.  Tho  upper  (30-dh)  coupler  ie  used  to  Inject  a  Lest 
signal  into  the  receiver,  'l‘ho  internal  termination  on  this  coupler  is  a  50-ohm  pill  flim  resistor. 
The  short  capacitive  stub  behind  the  resistor  purallcl-reyonntca  with  the  *i.nipling  inductnnco 
cruised  by  the  pill  resistor  unbalancing  the  line  since  li  connects  only  to  nnu  ground  plane,  A 
VSVVU  of  less  Ihnn  1.1  lor  a  10  percent  band  can  bo  obtained. 

The  lower  coupler  (Hdb)  Is  used  for  amplitude-phase  monitoring  of  the  Irnnsmittor  module, 
Two  signals  fod  into  opposite  arms  of  a  1-port  coupler  (see  Fig,  2-21)  will  sum  at  one  port  and 
difference  at  the  other  port,  if  the  reference  input  signal  is  -.33 db  of  the  transmitter  output  level 
and  tags  90  degrees  in  phene,  the  reference  signal  and  the  transmitter  output  will  sum  at  the  an¬ 
tenna  port  and  null  at  the  detector  port, 

Originally,  it  wns  planned  lo  put  a  glass  packaged  crystal  detector  in  the  board  ns  an  RF  de¬ 
tector.  This  proved  unsatisfactory  for  a  mini  her  of  reasons.  First.,  the  detector  must  withstand 
the  sum  power  level,  which  is  'H  dl>  above  the  difference  power  corresponding  to  a  0. 1 -db  am¬ 
plitude  error,  or  I"  phase  error.  For  long  life,  a  crystal  detector  should  not  be  subjected  to 
a  peak  power  much  above  tZOdbm.  For  a  transmitter  power  level  of  10  kw  (70dbm),  the  signal 
at  the  dcleetor  port  of  the  coupler  should  be  93  db  [70  >  (43  -  20)  |  below  the  main  coupler  line 
power  level.  It  is  difficult  to  suppress  the  parallel  plate  mode  generated  at  points  where  the  line 
is  unbalanced,  such  as  the  coupler  main-line  right  angle  input  connector,  lo  this  level, 


Fig.  2-21.  Transmitter  monitor. 


RFFERENCE  SIGNAL 
1-90° 


TO  DETECTORS 


FOUR -PORT 
COUPLER 


-TO  ANTENNA 


FROM  TRANSMITTER 


il 


VOLTAGE 


Fig,  2-22.  Sample  oscillograph  of  output  of  modulator  switch. 


Fig.  2-23.  Three-section  one-watt  modulator  switch, 


The  minimum  level  at  tile  detector  port  can  he  raised  cbflHidernM.y  bv  placing  a  varactor 
diode  limiter  in  front  of  the  crystal  detector  to  protect  it  from  sum  power  levels.  If  this  is  done, 
a  harmonic  filter  must  also  he  included  in  front  of  the  crystal  detector  to  remove  the  harmonics 
generated  by  the  transmitter. 

Simplicity  was  finally  achieved  by  using  a  gold-doped  F-N  junction  diode,  the  MA4303.  It 
has  sufficient  rectification  ofi'lcioncy  ( 1  mv  across  a  lUO-onm  load  for  input  power*  of  5mw)  nl 
9D0Mepa.  A  junction  diode  can  withstand  a  much  greater  power  level  than  moat  point  contact 
diodes,  Its  rectification  efficiency  falls  off  wlOtNtroquer<cy  and  provides  immunity  to  the  trans¬ 
mitter  harmonics.  For  expediency,  the  diode  has  been  mountod  in  the  alarm  monitor  box 
(Fart  2,  Ch.  V).  The  mount  is  frequency-sensitive,  butithis  la  not  a  limitation  ainco  the  trans¬ 
mitter  operates  at  a  ape!  frequency,  A  detected  wwlpm  with  iuss  man  l-db  variation  over  greater 
than  a  10  percent  hand  can  bo  obtained  by  placing  the  diode  terminated  by  a  symmetrical  capaci¬ 
tor  (800  Fig.  2-5)  In  the  strip  lino  hoard. 

K.  LIMITERS  D.II.  Tcmmo 

When  the  bias  terminal  of  ihu  Bwltch  In  Fig.  2-rt  is  short-circuited,  it  is  a  limiter.  For  low 
signal  levels,  no  appreciable  charge  is  injected  across  the  junction,  and  tho  zero  bins  capacitance 
of  tho  diode  shunts  the  lino.  For  higher  signal  levels,  some  of  the  injected  charge  recombines 
and  iB  effectively  equivalent  to  n  DC  bins.  Tho  rest  of  the  Injected  charge  is  recovered  on  the 
negative  half  of  the  RF  cycle. 

The  insertion  loss  of  the  limiter  rises  to  the  Insertion  loss  of  the  flwllch  at  high  signal  iovola, 
Tho  Isolation  can  be  peaked  at  intermediate  power  levels  by  adjusting  the  sorios  tuning  capacitor 
C8l  (Fig.  2-2),  since  C{J  la  not  Infinite  at  those  levels.  Tho  magnitude  of  the  isolation  at  inter¬ 
mediate  levels  is  somewhnl  lower  than  at  high  levels, 

Tho  Insertion  loss  of  tho  limiter  is  greater  than,  and  the  bandwidth  of  the  limiter  at  low 
signal  levels  is  less  than,  that  of  the  switch,  since  the  zero  bias  Q  of  the  diode  Is  typically  one 
half,  or  less,  of  tho  Q  of  a  reverse-biased  diode. 

I.  MODULATOR  SWITCHES  D.H.  Temme 

The  generation  of  short,  sharp  RF  pulses  arc  of  Interest  in  many  array  applications.  Such 
pulses  can  be  generated  readily  by  diode  switches  used  as  modulators.  The  switching  spcotl  of 
such  switches  depends  upon  their  power-handling  capability  and  operating  frequency.  Their  power- 
handling  capability  depends  primarily  on  the  reverse  voltage  breakdown  of  the  diode  used,  fn 
general,  the  recovery  time  of  a  forward-biased  diode  is  related  to  Its  reverse  voltage  breakdown; 
that  is,  a  longer  transition  time  from  the  low -impedance  l.n  high-impedance  slate  is  associated 
with  a  high-voltage  breakdown.  At  low  operating  frequency,  the  bypass  capacitance  needed  in  the 
bias  or  drive  circuit  (see,  for  example,  in  Fig,  2-2)  for  good  RF-lJf!  isolation  is  largo.  The 
time  required  Tor  the  driver  to  change  the  charge  of  this  capacitance  can  exceed  the  transition 
time  and  determine  the  switching  time.  The  pholograph  in  Fig.  2-22  shows  the  resulting  switching 
speed  of  a  900-Mops  switch  using  a  6-volt  varactor  in  which  the  KF  isolation  was  sacrificed  some¬ 
what  for  switching  speed. 

A  3-section  i-watt  modulator  switch  (diode  type  MA4335C’)  built  for  the  PRESS  radar  pro¬ 
gram  is  shown  in  Fig.  2-23.  Its  performance  is  as  follows: 


isolut  hm 
Insertion  lost* 


greater  than  NO  dh  over  10  perron!  hand 

0,r»  ilb  at  hand  renter,  Jonh  than  0,7  dh  at 
band  edge 

Input  VSWH  during  transmission  Urns  than  l..i  over  the  10  percent  band 
{’enter  frequency  1300  Mops 

I 'or ward  bias  3  ma/diode 

Reverse  btua  lOvoits 

The  switching  speed  e,*‘1‘ni‘d  with  a  driver  built  for  llie  PRESS  program  was  leas  than  lOnaee, 
The  main  switch  construction  problem  wan  the  suppression  of  the  parallel  plate  mode  caused  hy 
the  diode  shorting  to  only  one  ground  plane.  Screws  placed  within  100  mils  of  the  center  conductor 
edge  provided  sufficient  mode  suppression  without  seriously  affecting  the  Input  VSWR  during 
transmission. 

J.  BEAM-FORMING  STUDIES  W.  P.  Delaney 

A  900-Mc|:|h,  16-olomont  UK  beam-forming  matrix*  t hat  uhoh  a  now  material  und  new  pack¬ 
aging  terhniquciH  lo  reduce  the  Insertion  Iohh  has  houu  tested.  The  matrix,  which  was  designed 
and  built  by  Advanced  Development  I ,nbnrntnr1oB,  hue  good  electrical  and  antenna  performance 
with  the  added  advantage  of  the  compact  package  (18  x  32  x  1.R  inches)  shown  in  Kig,  2-24.  The 


Fly.  2-24.  16-eleinent  beam-forming  matrix. 


matrix  is  fabricated  in  low-loss  (Tullon  3A)  sh  ip  transmission  line.  I  line  crossovers  within  the 
strip  line  sandwich  and  the  feedthrough  connections  Ion  second  strip  line  sandwich  are  used  lo 
achieve  a  small  package.  The  directional  couplers  in  the  matrix  arc  the  branch-lino  lypo,  and 
live  fixed  phase  shifters  arc  differential  Lengths  of  transmission  line.  Table  4-1  summari/.us  the 
900-Meps  electrical  characteristics  of  tne  new  matrix. 


*J.L.  Aden,  gtq|.,  TR-236,  pp.  19-53. 


TABLE  2-1 

900- Me  p.  CHARACTERISTICS  OF  16-ELEMENT  BEAM-FORMING  MATRIX 

Insertion  loss 

0. 40  db 

VSWR-beam  terminal* 

1,15  average  (1 . 2?  max) 

VSWR-antenna  terminals 

1.10  average  (1.19  max) 

Isolation  between  beam  terminals 

43  db  average  (24  db  min) 

Isolation  between  antenna  terminals 

38  db  average  (24  db  min) 

Amplitude  errors  In  the  illumination 

0.33  db,  rm*  averaged  over  the  16  beams 
(0.  54  db  max) 

Phase  errors  In  the  Illumination 

5.6°,  rms  averaged  over  the  16  beams 
(8.0°  max) 

The  beam-forming  matrix  wafl  tcHtcd  in  a  16-olemenl  dipole  array  at  900  Maps.  The  uniform 
Illumination  hen  ms  had  good  nntonnn  patterns  with  first  sUielobcs  of  11  to  13  db  for  almost  all 
beams.  Ilcnm-poliulng  errors  rnn  less  than  1®,  All  cosine  and  sine  illumination  loams  wore 
tested.  Difference  mill  depths  ran  from  19  to  27 db  and  the  null  positions  wore  always  within  1* 
of  the  I  henrcl  ten  I  position.  The  sum  beams  had  first  sldolobc  levels  in  the  19-  to  23 -db  range 
(theoretical  value  lor  16-olcmeiit  array  -  23  db). 

The  matrix  has  been  used  la  a  variety  of  nntonnn  and  bonm -forming  experiments.  Its  con¬ 
venient  mechanical  configuration  and  its  good  electrical  performance  make  It  a  useful  experi¬ 
mental  tool. 

K.  IMPEDANCE  MEASUREMENTS  ON  ARRAY 

ANTENNA  ELEMENTS  W.  i\  Delaney  and  J.  I.,.  Allen 

The  Impedance  of  an  antenna  clement  in  an  array  of  similar  antenna  elements  is  a  function 
of  the  particular  antenna  element  and  its  distance  above  the  ground  piano,  the  Location  of  the 
cU- 1 it vi it  in  the  array,  the  spacing  of  the  array  clcmi-nls,  the  amplitude  and  phase  of  the  army 
Illumination  ami  the  polarization  properties  of  t ho  clement.  For  large  arrays,  most  of  the  ele¬ 
ments  can  be  considered  central  elements}  therefore,  the  variation  in  impedance  with  locution 
becomes  unimportani.  Computational  techniques  are  available  for  calculating  the  impedance  of 
array  anlcnnn  elements  such  as  dipoles  or  slots.  However,  it  is  difficult  to  predict  theoretically 
the  Impedance  variations  of  more  complex  anlcnnn  elements  such  as  log-pcriodiea,  polyrods  or 
helices  when  they  are  used  in  an  array.  An  experimental  apparatus  that  can  directly  measure 
the  Impedance  of  an  element  in  an  active  array  as  a  function  of  scan  angle,  array  illumination 
and  array  geometry  is  being  assembled  at  present.  The  device  consists  of  an  II K  beam -forming 
matrix*  for  an  8  x  H  planar*  array  of  antenna  elements  with  an  impedance-measuring  device  lo¬ 
cated  In  the  feed  line  to  one  of  the  central  elements  of  the  array.  Thus,  the  impedance  of  this 
element  is  measured  with  all  elements  in  the  array  driven.  Sean  angle  is  varied  by  feeding  a 
different  input  port  on  the  matrix,  and  the  amplitude  of  the  illumination  can  conveniently  he  var¬ 
ied  Irom  uniform  It)  cosine,  sine,  cosine-aqua  red  and  cosine-squarcd-on-a-pcdcsm]  by  driving 
more  than  one  input  purl.  A  frequency  of  1300  Mi  ps  has  beer,  chosen  as  center  frequency  because 

*  J.L.  Allen,  etal.,  TR-236,  pp.  19-53. 

t  The  sufficiency  of  an  8*8  test  array  for  measurements  has  been  discussed  in  TR-236,  p.  217, 


several  small  pi  mini'  arrays  of  different  lypoa  of  anleiinn  elements  are  available  al  this  frequency. 
The  use  of  this  measuring  technique  coupled  with  the  continuing  mutual  coupling  study  program 
should  provide  considerable  insight  Into  the  impedance  characteristics  of  complex  array  antenna 
elements, 

Tb,U  measuring  technique  lies  been  checked  against  theoretical  calculations  for  a  16-element 
linear  array  of  pnrallel  dipoles  at  900  Mops,  The  RF  beam -forming  matrix  described  in  Seo.  J 
of  this  chapter  was  uBod  to  feed  the,  array  and  scan  the  beam,  A  Hewlett-Packard  Model  805A 
slotted  line  was  used  as  the  impedance  measuring  device,  Figure  2-25  Bhowa  the  measured  di¬ 
pole  Impedance  for  11-plane  scan  angles  between  3*  and  54 *  from  broadside,  Figure  2-10  also 
shows  the  theoretical  impedance  variation  with  scan  for  thin  dipoles*  la  an  apriiy  with  the  same 
geometry  ns  the  tost  array,  The  experimental  result  a  are  Tn  good  agreement  with  theoretical 
predictions,  the  small  differences  being  due  to  experimental  orrdrs  and  the  simplified  theoreti¬ 
cal  model  of  tho  dipole  (thin  dipole,  no  feed  structure,  no  gap  at  feed  point),  « 


Fig .  ?-?5.  Dipole  impedance  vj  scon  ongle  for  a  linear  array. 


L.  A  900 -Mops  BRIDGE  D.M.  Bernelln 

In  order  lo  measure  the  pulsed  phase  and  amplitude  characteristics  of  the  various  compo¬ 
nents  In  the  transmitter  modules  and  system,  it  was  necessary  to  construct  ihe  bridge  shown  in 
Fig.  i-6.  It  was  desirable  lo  make  measurements  lo  within  one  electrical  degree;  therefore,  it 
was  felt  that  tho  bridge  ilsuir  should  be  accurate  to  ±0,1  electrical  degree.  This  accuracy  must 
nol  be  to  the  sense  of  repeatability  only;  one  must  also  be  certain  that  the  data  obtained  arc 

*Tho  dipoles  of  the  test  array  were  not  thin  dipoles  (length  to  diameter  ratio  =  17). 
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Indicative  of  the  performance  of  the  device  under  test  and  not  a  composite  of  the  device  and  the  j 
measuring  system.  It  1b  simple  enough  to  build  phase  measuring  equipment  with  mechanical 
drives  that  will  read  to  any  am&ll  Traction  of  a  millimeter,  but  quite  a  different  problem  to  build 
the  equipment  in  such  a  manner  that  the  visual  reeding  Is  absolute.  Even  very  slight  mismatches 
in  transmission  line  connectors  can  add  several  degrees  of  phase  error  to  the  over-all  electrical 
length,  depending  on  the  angles  of  reflection  involved.  An  analysis  of  the  magnitude  of  mismatch 
errors  is  given  in  Sec.  E  of  this  chapter, 

All  connections  are  padded  with  modified  6-db  General  Hadio  Series  874  pads  (Pig.  2^E6). 

The  transmission  lines  are  constructed  of  solid  5/ 8 r inch  diameter,  50-ohm  air  dielectric  coax¬ 
ial  Cable  with  General  Hadio  locking  connectors,  except  for  the  two  flexible  lines  that  oonnect  to 

- the- unit-being 'measured;  When-flexlble -cables -are-UBedr-U-tB-neaeBsary-to-pravide-Bome-roeanft_ — 

of  kouping  the  outsiqe  braid  from  creeping  in  the  connector  when  the  cable  is  flexed.  The  ^adapters 
shown  in  Pig,  2-27  were  designed  and  found  quite  adequate  to  hold  the  braid  rigid. 

, In  order  to  hold  the  error  tolerance  to  *0,1  mm  (0.925*  at  9.00  Mops)  with  component  voltage 
mltatmatchea  as  high  as  2  to  1,  it  is  necessary  to  use  a  minimum  of  6db  of  padding  matched  to  a 
VSWR  of  less  than  1.04.  Commercially  available  stook  pads  are  not  completely  satisfactory,  but 
it  was  found  that  the  standard  General  Radio  6-db  pads  could  bo  improved  over  a  narrow  frequency 
range  hy  oarefully  centering  the  resistive  elemeht  and  machining  a  few  mils  from  the  ends.  This 
ubseuiiaUy  tuntid  the  pads  to  a  VSWR  less  than  4,04  in  the  range  of  850  to  950  Mops,  (The  bridge 


Fig.  2-26.  900-Mcps  bridge,  block  diagram. 
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PlC-  2-27.  Modified  coaxial  eoitntetori. 


TABLE  2- 1 1 

RESULTS  OF  EXPERIMENTAL  TESTS 
„  ON  THE  900*  Mo  pi  BRIDGE 


>' 

Lins 

|  v  Length  (cm) 

Meokurad 

Compvtid 

(om) 

\  A 

7.1! 

8 

7.13 

C 

9.98 

..  A  +  8 

14,24 

14.25 

0.01 

A+  C 

17,08 

17.10 

0.02 

8  +  C 

17.09 

17.11 

0.02 

A+  B  +  C 

24.25 

24.23 

0.02 

4b  Bt 111  useful  nt'othor  frequencies,  but  the  accuracy  la  reduced  to  approximately  ±f  electrical 
degree.)':’ 

The  phase  measuring  unit  was  constructed  by  mounting  o  standard  line  stretcher  on  a  solid 
bed  with  n  20-pltch  rack  and  pinion  drive.  A  linear  vernier  scale  on  the  moving  Carriage  indi¬ 
cated  (M-mm  divisions,  A  circular  vernier  was  also  added  to  the  attenuator,  which  indldntes  to 
0.1  rib.  Varying  the  setting  of  this  attenuator  introduces  no  measurable  chango  in  electrical  length. 
In  order  lo  achieve  80-db  deep  nulls,  It  was  necessary  to  add  an  additional  5-to-l  gear  on  the 
attenuator  knob. 

All  components  are  bolted  rigidly  to  the  aluminum  box-frame  bench,  Rubber  wheels  provide 
mobility  of  the  system  and  also  damp  out  minor  vibrations  that  are  bothersome  during  measure¬ 
ments.  The  system  is  quite  sensitive  to  ambient  temperature,  and  care  must  be  exercised  to 
hold  the  temperature  constant  within  a  few  degrees  during  measurements. 

Several  sets  of  measurement  checks  were  made  by  measuring  connectors  and  line  lengths 
separately  and  then  ill  combinations.  Table  2-11  shows  the  results  of  some  of  these  checks. 


M.  FERRITE  PHASE  SHIFTERS 


ID.  IT,  Temme 


During  the  first  six  months  of  this  reporting  period,  two  new  interesting  ferrite  phase  shifter 
approaches  were  sponsored,  One  was  a  rolaling-fielrl  Phaser  design  investigated  by  HYLETRONICS 


Corporation,  The  other  was  a  .digital  ferrite  (ime  delay  uj'  shifter 'investigated  by  Oenerel  Elec¬ 
tric  Company.  Sufficient  progress  during  the  first  six  months  clearly  Indicated  the  latter  ap¬ 
proach  best  sul!ec|  the  Group  41  array  requirements,  Title  approach  is  still  in  the  development 
stage, 

The  rotnttng-ftold  phasor  appears  attractive  for  applications  requiring  continuous  phase  vari¬ 
ation,  Resells  oflhe  initial  six-month ‘investigation  were  reported  at  the  1962  WESCON  meeting. * 

Present  models  of  tho  digital  ferrite  phase  shifter  exhibit  (he  following  performance! 

'  Insertion  loss  low-power  level  ~  1  db  for  2tr  radians 

htgh-power  level  ~3db  ponk  before 
again  decreasing 

VSVVR  loss  than  2tl  over  nn  octave  band 

UTtve  requlFoment  . . .  momory  type,  switches  in  1  psoc  with 

■I  15-amp  pulse,  with  a  36-volt  hack  voltago 

Tompornturo  sonslttvliy  rndtans 

•  Peak  power  limited  lusting,  once  tested  to  15  kw 

Average  power  unknown 

Phase  tolerance  unknown 

Present  studies  are  directed, .toward  the  understanding  of  tnShoasod  Insertion  loss  with  power 
level  and  toward  acceptable  thermal  design, 

-  .  '  ;/  ■’  • 
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*  J.A,  Weiss,  "Advances  in  Ferrite  Rafating-Field  Phaser  Design,"  1962  IRE  WESCON  Convention  Record,  Part  1, 
Paper  No .  3 . 
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CHAPTEH  U 

LOW -NOISE  AMPLIFIERS 

W.J,  ince 


SUMMARY 


The  major  portion  of  Chapter  It  is  devoted  to  an  investigation  of  tunnel  ^  lotto  amplifiers  and 
tt  report  ott  the  progroslll  made  in  the  development  of  an  inexpensive,  reliable  tunnel  diode  low-  „ 
noise  preamplifier  for  phased  array  reoeivors, 

A  brief  reviow  of  the  problems  encountered  in  last  year's  work  is  given  (See,  A),  followed 
by  a  discussion  of  the  tunnel  diode  amplifier  as  a  phaBod  array  component.  An  analysis  of  the 
calculator  tunnol  diode  amplifier  has  beenjaada-that  examinea-some  of  the-effeots-resultinB  frornr~ 
the  use  of  nonideul  circulators  in  tunnel  diode  amplifiers.  This  analysis  is  followed  by  a  discus¬ 
sion  of  the  parameters  of  circulators  for  phased  array  receivers, 

The  practical  tunnel  diode  amplifier  circuits  that  were  used  are  given,  together  with  experi¬ 
mental  data  and  performance  specifications  on  the  circuits  and  other  receiver  components, 

A  tunnel  diode  amplifier  has  been  incorporated  into  an  all-solid-state  receiver  puckage. 

Two  of  these  receivers  will  be  used  in  conjunction  with  an  RF  beam-forming  matrix  and  boarn- 
aleerlng  hardware  for  the  purpose  of  studying  such  phased  array  receiver  problems  as  the  ex¬ 
traction  of  monopulee  information,  The  components  In  the  solid  stale  receiver  are  described 
Individually. 

Section  15  is  concerned  with  the  use  of  tunnel  cllodo  down-converters, 

Snmn  undoslrabio  Interactions  that  are  possible  when  tnnnol  diode  amplifiers  are  usod  in 
superheterodyne  receivers  are  discussed  In  Sec.  C, 

Finally,  tho  slants  of  the  evaluation  and  tost  program  on  stxtoon  oloctron-hoam  pnrametrlo 
ampUfters  In  tho  900-Mcpa  phased  urray  receiver  la  reported  (Soe.D), 


A.  INTRODUCTION 

The  development  of  a  tunnel  diode  low-noise  preamplifier,  described  in  this  chapter,  is  a 
continuation  of  the  work  described  tn  an  earlier  report.’1'  In  that  work  the  performance  oi  tunnel 
diodes  Operating  ns  microwave  amplifiers  was  demonstrated,  but  it  was  realized  that  there  were 
many  problems  to  be  overcome  bofore  r  suitable  phased  array  component  could  be  evolved. 

Tnese  problems  havo*been  overcome  ldrgefj'fta’n  result  of  an  Improvement  In  amplifier  design 
and  the  availability  of  bettor  circulators. 

It  hod  been  established  previously  that  the  circulator-coupled  amplifier  offered  the  best  pos¬ 
sibility  of  achieving  a  practical,  readily  reproducible  amplifier.  Accordingly,  a  number  of  am¬ 
plifier  designs  utilizing  a  3-port  circulator  were  breadbonrded,  Several  difficulties  became  ap¬ 
parent,  most  of  them  arising  from  the  circulator. 

First,  the  in-band  match  of  the  circulator  was  not  good.  The  VSWH  varied  across  the  signal 
frequency  range,  causing  tine  gain  of  the  amplifier  to  vary.  The  VSWIt  at  the  edges  of  the  band 
rose  sharply  and  the  amplifier  had  a  tendency  to  oscillate  because  of  this  effect,  Moreover,  the 
VSWH  oi1  the  circulator  out  of  band  varied  wildly.  Since  tunnel  diodes  exhibit  negative  resistance 


■a 
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ir 


*  J.L.  Allen,  et  oL,  “Phased  Array  Radar  Studies,  1  July  1960  to  1  July  1961,"  Technical  Report  No.  236  |U|, 
Lincoln  Laboratory,  M.l.T,  (13  November  1961),  Part  2,  Ch.IV,  ASTIA  271724,  H-474. 
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ohurueU'viHlics  over  a  very  wii;le  frequency  range  from  DC  up  to  the  (Iloilo  cu1  off  frequency,  the 
amplifier  was  ostromoly  prone  to  oaclllnte  outside  the  pass  hand  of  the  circulator.  11  was  evi¬ 
dent  that  the  tunnel  diode  hod  to  be  damped  reslsUvely  outside  the  signal  frequency  range  in  order 
lo  ensure  stability,  as  well  as  to  restrict  the  in-band  variations  in  circulator  VSWR,/ 

With  the  objective  of  designing  a  cheap,  romilly  reproducible  amplifier,  all  thr/-earlien,am«-- 
pilftera  were  constructed  in  strip  transmission  line  with  a  double  ground  plane  and  aiqglo  (junior 
conductor  configuration.  The  diode  was  mounted  across  Ihe  line  between  ihe  center  conductor 
and  one  ground  plane,  in  an  unbalanced  manner,  The  unbalance  tended  to  gene/ate  a  paraiiel- 
plate  mode  of  wave  propagation.  The  use  of  shorting  screws  between  the  ground  planes  did  not 
provide  adequate  mode  suppression.  Oscillations  tended  to  be  set  up,  elthetfbecnuBB  of  the  in- 
Iraductloh  of  Inductance  In  series  with  the  dlodeTFeauIifng’ from  the'  unEalai|'eea ‘IrnHSifTitrstori 
line  caused  by  the  method  of. mounting  the  diode)  or  because  of  a  reactive  impedance  Introduced 
by  the  parallel-plate  mode  of  propagation.  This  source  of  trouble  has  be|ln  eliminated  by  Ihe  u*e 
of  "mlcroSirip"  construction  IhiVt. utilises  a  single  ground  plane  and  single  conductor, 

Another  feature  of  previous  design  work  wits  the  ul^e  of  coaxial  monitor  T-nelworks  for  DC 
bias  Injection.  These  have  been  oUmlnalod,  and  a  bias  network  has  been  Integrated  into  the  am¬ 
plifier  design.  •  ^ 

Diodes  made  by  several  manufacturers  were  used,  and  tl  became  apparent  that  no  commer- 
ctnlly  available  diode  had  adequately  controlled  parameters.  In  order  to  facilitate  the  designing 
of  amplifier*  with  similar  characteristics,  diodes  are  now  purchased  wllh  a  specified  minimum 
negative  resistance;  , 

With  increased  circuitry  experience  and  improved  components,  It  has  been  possible  to  bullij 
stable,  reproducible  amplifiers.  V  ' 

B.  TUNNEL,  DIODE.  AMPLIFIERS 

1.  The  Tunnel  Diode  Amplifier  as  a  Phased  Array  Component 

The  fundamental  requirements  for  a  phased  array  RF  preamplifier  arc  that  it  have  adequate 
gain,  sensitivity  and  bandwidth  compatible  with  Iho  desired  over-all  syslem  performance!  11 
should  be  Inexpensive,  reliable  and  easily  reproducible;  any  pair  of  amplifiers  should  track  In 
phase  and  amplitude  ovor  the  signal  frequency  band,  and  it  is  desirable  to  have  a  linear  phase 
vs  frequency  response  for  shorl-pulse  reception, 

When  ihe  expense  of  Installation  and  maintenance  of  a  large  array  of  about  10.00  receivers 
Is  considered,  the  cost  and  reliability  factors  aro  of  paramount  importance;  the  simpler  and  leas 
complex  (he  design,  the  better  II  is,  At  the  moment,  the  tunnel  diode  ampl'fier  still  appears  to 
be  the  best  compromise  between  electrical  performance,  cost  and  simplicity  at  frequencies  in 
the  high  UHF  through  L-band  region,  II  is  unfortunate  that  the  tunnel  diode  must  Be  used  in  con¬ 
junction  with  a  circulator,  because  the  circulator  is  easily  the  most  expensive  component  in  the 
amplifier.  For  this  reason,  ihe  transistor  may  yet  replace  the  funnel  diode  in  the  UIIF  range; 
however,  the  transistor  has  yet  to  equal  the  lunnel  diode  in  noise  figure  in  thn  L-band  frequency 
range. 

A  useful  properly  of  the  tunnel  diode  is  lhal  it  is  inherenlly  a  wideband  device  and  is  quite 
capable  of  providing  any  bandwidth  that  a  practical  array  might  require.  While  it  is  true  that 
there  arc  other  classes  of  low-noise  amplifiers  that  have  a  lower  noise  figure  than  the  tunnel 
diode  amplifier,  the  advantages  to  be  obtained  from  using  Ihe  latter  probably  outweigh  Ihe  dis¬ 
advantage  of  loss  in  sensitivity. 
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However,  one  disadvantage  of  the  tunnel  diode  that  might  weigh  heavily  against  it  is  Itt. 
limited  dynamic  range;  saturation  output  level  is  about  -SOdhm,.  This  could  be  extremely  sig¬ 
nificant  in  a  multiple-target  environment  where  there  is  a  wide  variation  in  target. cross  section. 

A  possible  configuration  for  a  radar  lhat  has  separate  transmitting  and  receiving  arrays  is 
shown  in  Fig.  3-28,  A  tunnel  diode  amplifier  Is  placed  behind  every  antenna  element.  The  tunnel 
diode  amplifier  outputs  are  combined  tn  a  beam-forming  matrix;  The  source  impedance  seen'  by 
each  amplifier  is  equal  to  the  driving  impedance  of  an  antenna  element  as  measured  in  the  array, 
where  the  effects  of  mutual  coupling  greatly.modify  the  behavior  of  the  elements  in  free  space.* 
The  antenna  VSWR  can  be  as  high  as  2.5:1;  moreover,  the  VSWR  is  a  function  of  scan  angle, 

The  output  match  is  likely  to  be  muOh  better.  Measurements  performed  on  a  16-element 
beam-forming  matrix!  indicate  a  maximum  VSWR  of  i.3. 

A  possible  arrangement  that  utilises  a  single  array  for  transmitting  and  receiving  is  shown 
in  Fig,  2-29,  A  duplexer  consisting  of  a  circulator  and  solid  slate  switch  combination  provides 
(he  required  protection  for  the  tunnel  diode  during  transmission,  The  advantage  of  this  arrange¬ 
ment,  apart  from  the  reduction  In  cost  obtained  by  the  elimination  of  one  array,  is  that  it  can 
use  the  same  set  of  phase  shifters  for  transmitting  and  receiving,  In  this  arrangement,  the 
reverse  isolation  provided  by  life  duplexer  circulator  reduces  the  effective  VSWR  of  the  antenna 
element.  Similarly,  the  output  match  is  set  by  a  circulator  that  routes  the  signal  to  the  phase 
shifters.  For  this  arrangement,  both  the  input  and  output  VSWR  could  bo  held  to  within  1,3, 

It  will  be  shown  In  the  following  analysis  that  the  Input  and  output  matches  are  important  In 
the  operation  of  a  lumtel  diode  amplifier  and  that  steps  should  be  taken  to  minimize  the  Input  and 
output  VSWR, 

2.  Analysts  of  Circulator-Coupled  Tunnel  Diode  Amplifier 

a.  Scope  of  Analysis 

The  purpose  of  this  section  is  to  derive  some  mathematical  expressions  that  describe  the 
performance  of  a  tunnel  djode  reflection  amplifier  in  association  with  a  circulator,  Froth  the 
point  of  view  of  negative  resistance  amplifier  applications,  circulators  are  far  from  perfect,  In 
fact,  the  circulator  modifies  the  amplifier  characteristics  to  the  extent  that  the  design  of  the 
amplifier  must  be  tailored  to  accommodate  variations  in  Circulator  parameters.  In  the  following 
analysis,  the  tunnel  diode  is  treated  ns  a  single,  lumped  mismatch  on  one  of  the  circulator  ports; 
arbitrary  mismatches  are  also  imposed  ai  ail  other  circulator  ports,  The  algebra  .involved  has 
been  facilitated  by  the  use  of  the  topological  circuit  analysis. 

b.  introduction 

For  reference,  a  typical  tunnel  diode  1-V  characteristic  and  the  equivalent  circuit  are  shown 
in  Fig.  2-30,  and  a  simple  reflection  amplifier  is  shown  in  Fig.  2-31.  It  is  assumed  that  the  reader 
is  familiar  with  the  elementary  principles  of  tunnel  diode  operation.^  At  high  frequencies  the  equiv¬ 
alent  circuit  of  die  diode  may  be  represented  as  a  negative  conductance  G  and  a  susceplance  B. 

*  J.L.  Allen,  et  d.,  Technical  Report  236,  Port  3. 
t  [bid.,  Pert  2,  Ch.l;  W.  P.  Delaney,  pp.  34  und  35  of  the  present  report, 
t  General  Electric  Company,  "Tunnel  Diode  Manual"  (1961). 

§M.E,  Hines,  "High-Frequency  Negative-Resistance  Circuit  Principles  for  Esaki  Diode  Applications,"  BSTJ 
39  ,  477  (1960). 
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Fig..  2-28.  Receiving  array  »oh*m§. 
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Ffg.  2-2$.  Combined  transmitter  and  receiver  array  scheme, 
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Provided  that  the  operating  frequency  la  loss  than  about  one -third  the  cutoff  frequency  of  the  diode 
both  Ci  and  B  vary  only  slowly  with  frequency.  The  amplifier  shown  in  Pig.  2-31  has  a  single- 
tuned  circuit  response;  the  diode  has  been  tuned  into  parallel  resonance  by  a  Shunt  inductor.  The 
amplifier  is  not  restricted  to  this  type  of  tuning;  however  one  may  choose  to  tune  the  diode  or 
arrange  the  layout  of  the  circuit,  the  amplifier  can  nlwayB  be  chE rncterized  by. the  mismatch  it 
presents  to  the  network  to  which  it  is  coupled.  For  example,  when  the  amplifier  is  cuupled  to  a 
circulator,  the  mismatch  represents  tho  difference  between  the  characteristic  impedance  of  the 
circulator  and  tho  tunnel  diode  amplifier.  At  any  particular  frequency  the  amplifier  reflection 
coefficient  p  can  be  represented  in  polar  coordinates  by  p  =  |p|  For  amplification  to  take 

place,  |p|  must  he  greater  than  unity.  Tho  coefficient  |p|  must  take  Into  account  the  variation 
of  amplifier  gain  with  frequency;  *  accounts  for  the  phahb  shift  through  the  amplifier. 


The  complete  circulator-coupled  amplifior  is  shown  in  Fig.  2-32.  A  3 -port  circulator  is 
shown  for  the  purposes  of  this  analysis.  Mismatches  eAtufual  io  the  circulator  have  been  added 
at  ports  1  and  3.  The  mismatch  X  at  port  3  may  be  due  to  an  external  component,  such  as  a 
mixer  or  an  RF  beam-forming  network,  or  it  may  be  due  to  an  internal  mismatch  between  the 
two  3 -port  circulators  that  comprise  a  4-port  circulator, 

The  mismatch  on  port  \  is  considered  that  of  the  receiving  antenna.  For  completeness, 
the  inevitable  length  of  transmission  line  between  the  antenna  and  amplifier  has  been  included. 
This  may  or  may  not  add  significant  loss,  depending  upon  its  length,  but  it  will  certainly  intro¬ 
duce  an  additional  phase  shift. 

The  circulator  iE  characterized  by  insertion  loss  S,  leakage  paths  I,  and  reflection  (inter¬ 
nal)  at  each  port  r,  together  with  their  associated  phase  angles.  The  circulator  is  considered 
symmetrical. 

c.  Scattering  Matrix  Formulation 

III  S  S  S 

If  voltage  waves  E^,  E^,  are  incident  at  the  circulator  ports  and  E^,  E^,  E^  signify  re¬ 
flected  or  scattered  waves  at  the  corresponding  ports,  then  the  two  sets  of  waves  arc  related  by 
the  matrix  equation 


46 


'iff' 

r  I,  S 

«r 

E2S 

il 

S  r  I, 

)J2 

53 

u-  jo 

E  K  r 

K3 

Referring  again  to  Fig.  2« 32.  lot  ub  consider  that  n  voltage  wave  of  amplitude  13  ^  la  incident  at 
the  antenna.  A  certain  fractious  is  coupled  Into  the  input  transmission  line  lo  the  umpUficr 
and  a  certain  fraction  U  is  roilactedj  phuse  angles  p  and  respectively,  arc  to  be  assoeialod 

with  these  quantities. 
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If  Eg  la  the  voltage  wave  scattered  Into  free  space  from  lliu  antenna,  then 
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d.  Summary  of  .Symbols  Used 

Circulator  mismatch 
Circulator  transmission  path 
Circulator  leakage  path 
Antenna  mismatch 

Antenna  transmission 

input  transmission  line 

Tunnel  diode  amplifier  mismatch  (port  ?.) 

Output  mismatch  (port  3) 


•Symbol 
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Mngn I tude  and  Phase 
|  r  |  c  j € 

|S|«*" 

|L.|ejfi 
| Kn | e j  X 
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|p|ej* 

|x|cjY 
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u.  Signal  Flow  Graph  Representation 


} 


Figure  2-33  shows  the  complete  signal  flow -graph  representation1*  of  the  3 -port  circulator 
with  external  mismatches.  Signal  flow-graph  analysis  permits  the  matrix  liqa.  (i)  and  (2)  to  be 
solved  readily. 


Fig.  2-33.  Flow-graph  rtprsisnlatlon  of  circulator-coupled  tunnel  died*  amplifier 
with  arbitrary  mismatches  at  Input  and  output  porti, 

The  transmission  between  any  two  nodes  la  given  by  Mason's  rule: 

T  1 2  v*  ■  '  <*> 

k 

where 

T  -  required  sourcc-to-sink  graph  transmission 
l^  •=  transmission  of  Hie  k^1  sourcc-to-aink  path 
A  graph  determinant 
A,,  eofaetor  of  the  k"1  path. 

The  definition  of  the  graph  determinant  is 

A-  >-Zv  Z l ''Vi  ll'h ''VW, ■'  ■ 

5  *  J  i  j  k 


where  the  T.'s  arc  the  values  of  all  feedback  loops  and  the  T.Tj's  are  the  products  of  pairs  of 
loops  that  do  not  touch  each  other,  etc.  The  corn  dor  A^  is  equal  to  the  value  of  A  with  the  re¬ 
striction  that  tio  loops  or  products  of  Loops  that  touch  the  k1*1  transmission  path  can  be  counted. 
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*  S.J.  Mason  and  H.J.  Zimmerman,  Electronic  Circuits,  Signals,  and  Systems  (Wiley,  New  York,  1960). 
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Loops 


T4  =  .H„C  Spl. 
T_  =  XHC2S3p 


T?  ,  X»nC2L3p 
Tg  »  XSpL 


Diroot  Tra nemiaslona 

TJ ,  -  XS2C2U3 
•l  n 

lJ„  -  XS2C2S3p 

s  a  r 

p,  =  xs2c2i.3P, 


we  see  that 


A  =  (1  -  rp)  (1 rRBC*>  -  Uy^Sp  -  X  (r  +  S3C2Rflp  .1  SpL  +  SUC2HQ  +  pC2FtftL: 
-  r2p-ll„r2C2  -  3SpLRttrC2  +  i'3pHaC2|  , 


and 


A.  «  A 
i 


»  i  -  rp  -  X  [r  +  SpL 


Aa  »  1  -Xr 


A  ,  n  i  -  rp 


*5=  3 


*6  =  1 


Hence, 


2, ,2 


S‘C 


$T  "  2  l  PkAk  *  Hn  "  “A”  ls3PX  +  '**  “  3USX')r 


lt\ 


+  r(l  -  rp)  (1  -  Xr)  +  SpL| 


(5) 


Equations  (4)  and  (5)  are  exlremely  complicated  lo  work  with,  and  Utile  can  be  gained  by 
pursuing  their  exact  solution.  However,  some  specific  nnses  will  bo  examined. 


b.  Amplifier  with  No  Mismatches  at  Input  and  Output  Terminals 

The  tunnel  diode  amplifier  power  gain  is  often  taken  to  be  equal  lo  ( p ]  It  can  be  seen 
from  the  above  expressions  that  the  power  gain  and  Input  match  of  the  amplifier  are  extremely 
dependent  on  the  circulator  parameters.  Usually,  the  amplifier  is  tuned  up  and  adjusted  on  the 
bench  rather  Ilian  under  system  operating  conditions,  with  the  input  and  output  pr»rts  well  padded 
lo  avoid  spurious  effects.  In  order  to  examine  these  conditions,  X  and  11,^  arc  set  equal  to  zero 
and  C  and  arc  set  equal  to  unity.  The  expression 


SO 


It  can  be  seen  liiat  the  output  from  the  amplifier  la  composed  of  a  small  term  due  to  leakage 
from  port  1  to  port  3,  plus  a  much  larger  contribution  due  to  the  gain  of  the  tunnel  diode.  For 
a  praoticul  circulator,  L  la  never  worse  titan  -20db  (i.o,,  a  voltage  ratio  of  0.1)  within  the  past 
band  of  the  amplifier.  If  the  amplifier  is  adjusted  for  Any  reasonable  value  of  gain  -  for  example, 
17  db  (a  voltage  ratio  of  7)  -  the  leakage  contribution  is  negligible  compared  to  the  amplified  con¬ 
tribution.  Hence,  1 
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The  ratio  Ej/E^  is  extremely  dependent  on  the  magnitude  of  botli  t*  and  p  and  their  phase 
i;Ufforence.  Consider  a  diode  chosen  to  have  a  terminal  r^egativo  resistance  of  66 ohms,  and 
assume  the  circulator  VSWR  to  be  1,2  or  less  over  the  frequency  range  that  Is  of  interest.,  ■■  The 
nominal  power  gain,  found  by  setting  r  »  0,  it  approximately  17  db  (p  »  7,1). 

The  minimum  possible  power  gain  is  obtained  whan  reflection  from  the  diode  is  1B0"  out  of 
phase  with  the  reflection  at  port  2  of  the  circulator.  The  minimum  power  gain  is  equal  to 
((|S?i  [ p | )/( 1  +  |  r |  |p|)|2.  or  12,6db,'n  Similarly,  when  the  reflections  are  in  phase,  the  maxi¬ 
mum  possible  power  gain  is  obtained  and  la  equal  to  [( | Sz |  |p|)/(l  — |r|  | p|)|2,  or  26  db, 

It  ts  our  experience  that  Dili  VSWR  of  most  circulators  approaches  1,2  over  some  region  of 
the  pass  band!  also,  tunnel  diodes  supplied  by  the  manufacturer  under  a  given  type  number  can 
have  a  spread  In  minimum  negative  resistance  of  at  least  *10  percent.  These  parameter  varia¬ 
tions  make  the  task  of  designing  a  number  of  amplifiers  with  identical  characteristics  extremely 
difficult, 

II  la  evident  from  the  condition  of  maximum  possible  gain  that  the  product  |r|  |p|  must  be 
less  than  unity  to  guarantee  stability.  For  17-db  nomlnnl  gain,  this  restricts  the  VSWR  of  the 
circulator  lo  less  than  1.32. 

One  of  the  problems  in  ensuring  stability  is  that  the  tunnel  diode  amplifier  may  have  gain 
greater  than  unity  over  a  frequency  range  considerably  in  excess  of  the  signal  bnndwidth,  and  11 
is  necessary  Jo  make  sure  that  the  criterion  |r|  |p|  <  1  Is  obeyed  a<  any  frequency.  The  circu¬ 
lator  should,  therefore,  nave  a  bnndwidth  wider  ihnn  that  of  the  amplifier, 

A  characteristic  common  to  many  circulators  is  that  the  VSWR  is  a  minimum  al  the  band 
center  and  increases  on  either  side  toward  the  band  edges.  Hence,  the  gain  variation  from 
amplifier  to  amplifier  at  the  band  center  may  not  be  os  great  in  practice  as  indicated  in  the 
calculations . 


The  variation  in  circulator  VSWR  across  the  band  can  be  put  to  good  use;  if  the  amplifier 
is  tuned  to  have  maximum  gain  of  the  center  frequency  of  the  circulator  pass  band,  the  increase 
in  circulator  VSWR  at  the  band  edges  can  be  made  to  compensate  for  the  decrease  in  diode  rc- 
Rection  coefficient  in  a  manner  that  keeps  the  over-all  gain  of  the  amplifier  constant.  This  can 
be  seen  from  Eq.  (7).  At  the  band  edges  the  numerator  S2p  decreases,  mainly  because  of  the 
decrease  in  p  with  frequency,  but  partly  because  of  an  increase  in  the  insertion  loss  of  the 
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circulator.  The  tlenontlimtor  1  -  rp  lit  the  gain  expression  is  very  sensitive  to  changes  in  the 
product  rp.  which  may  he  made  to  vary  so  that  the  magnitude  |S?p/(l  -  rp)|  ta  constant  with  fre¬ 
quency.  However,  for  this  to  occur,  both  the  magnitude  and  phase  of  r  must  vary  with  frequency, 
To  obtain  the  righl  pltaae  relationship,  the  dlatulico  of  the  diode  from  the  circulator  must  be 
chosen  correctly.  The  correct  distance  is  host  determined  empirically  by  constructing  several 
circuits,  each  with  the  diode  mounted  nt  a  different  distance  frcSm  the  olraulalor,  and  aelocting 
the  circuit  Itytl  gives  the  fiaitost  gain-frequency  charnolorfsllo, 


Fig.  2-34.  Tunnel  d tod*  amplifier  rtiponat 
(markiri  at  B50  and  950  Mnpi). 


figure  4-34  shows  two  swept  gain-frequency  plots  of  J tunnel  diode  amplifier  with  a. General 
Radio  lino  stretcher  interposod  between  ll  and  the  circulator,  The  two  plots  correspond  to  the 
line  stretcher  adjusted  first,  so  that  the  wldeBt  tymchv.UIlh  passible  was  obtained,  and  next,  so 
that  the  narrowest  bandwidth  possible  wns  obtained,  For  the  wideband  case,  r  and  p  were 
180°  o  of  phase  at  the  center  frequency  (900  Mcps),  As  a  result,  the  gain  nt  center  frequency 
was  minimum,  given  bySj)/(t  +  |r|  \p\).  For  the  line  adjustment  that  gave  the.  narrow  band¬ 
width,  r  and  p  wore  in  phase  at  the  center  frequency  and  the  gain  was  maximum,  equal  to 
a  p/(  1  -  |  r  |  |  p  | ) .  The  center  frequency  gains  were  13  and  27uti,  respectively,  which  corre¬ 
sponded  to  a  VSWH  of  1,2  when  |p|  was  equal  to  7.1,  This  calculated  mismatch  was  the  total 
mismatch  of  the  lino  stretcher,  two  General  Radio  type  N  adapters  and  the  circulator.  The 
markers  in  the  figure  are  nt  850  and  950  Mcps. 

In  order  to  construct  amplifiers  with  similar  characteristics,  it  is  necessary  to  adhere 
rigidly  lu  one  circulator  design,  By  keeping  to  tight  specifications  on  the  VSWR  and  by  selecting 
diodes  that  have  a  narrow  spread  In  minimum  negative  resistance,  amplifiers  can  be  constructed 
Ihni  have  gains  within  about  2db  oT  each  other.  Decause  of  the  dependency  of  gain  and  bandwidth 
on  the  phase  of  the  circulator  mismatch  with  respect  to  the  position  of  the  tunnel  diode,  the  dis¬ 
tance  of  the  diode  from  the  circulator  must  be  optimized  and  the  amplifier  layout  must  be  dupli¬ 
cated  as  closely  as  possible. 

The  input  reflection  coefficient  of  a  tunnel  diode  operated  with  no  external  mismatches  on 
input  and  output  ports  is  given  by  putting  X  and  equal  to  zero  (iSq,  (f>)  ]  with  C  and  equal 
to  unity,  lienee. 
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The  input  reflection  in  composed  of  two  terms;  one  Is  due  to  the  inherent  mismatch  of  the 
circulator  alone.  The  other  term  Is  due  to  part  of  the  signal  that  la  amplified  by  the  tunnel  diode 
and  leaks  back  to  the  input  via  the  leakage  path  from  port  2  to  port  i .  The  magnitude  of  the 
first  term  la  |  rj ,  which,  for  a  maximum  VSWT1  of  1.2,  ta  equal  to  0.091.  The  magnitude  of  the 
latter  term  is  equal  to 


[1  -  2 1 r |  |p|  oosk  + %>)  +  |'rZ|  i'plV/i  ‘  ;; 

The  extreme  values  that  (is^/Kj  )  may  tnke  are  calculated  by  putting  oda  (c  +  v>)  equal  lo  Al, 

When  S  =  0.96  (0.3-db  Insertion  loss),  L  =  0,1  (i'o-db  iHolation)  and  p  =  7.1  (17-db  gain),  then 

|f-|  *  *•”  ■ 

l  ip  l  max 


These  calculations  demonstrate  the  fact  that  tho  turtnol  diodo  amplifier  input  port  In  highly  mis¬ 
matched;  under  adverse  phase  conditions,  an  amplified  signal  is  returned  to  tho  Input,  if  one 
looks  Into  tho  input  terminal,  a  reflection  gain  greater  than  unity  is  observed.  In  order  to  en¬ 
sure  that  the  amplifier  is  unconditionally  stable,  it  Is  necessary  to  increase  the  circulator  iso¬ 
lation  so  that  tho  magnitude  of  the  observed  Input  reflection  gain  is  less  than  qnity.  Fortunately, 
Increasing  tho  circulator  Isolation  automatically  results  in  a  lower  circulator  VSWli,  giving 
additional  stability.  For  the  Lincoln  Laboratory  phasod  array  project,  circulators  for 'tunnel 
dlpde  amplifiers  are  purchased  with  an  Isolation  speelfiontlon  of  25db,  minimum,  This  implies 
a  VSWR  of  1,12,  Using  these  values  in  the  above  expression,  one  obtains 

Ira^l;  *  0.64  {VSWR- »  4.5) 


rp-  *  0.272  {VSWR  *  4.75) 

I  'ini min 

Figure  2-35  shows  a  swept  frequency  plot  of  inputVSWR.  vs  frequency  for  a  tunnel  diode 
amplifier  operating  at  900  Mc.ps  with  20db  of  gain.  The  mnximum  VSWR,  obtained  at  the  center 


Fig.  2-35.  VSWR  of  tunnel  diode  amplifier 
(markers  at  880  ond  920  Mcps). 


frequency  of  the  amplifier,  was  3,5:1.  The  VSWR  plot  has  the  same  shape  as  the  amplitude 
response  ol  the  amplifier,  which  had  a  single  resonant  circuit.  The  plot  was  obtained  with  a 
reflectometer  technique.  The  second  trace  In  the  picture  ia  of  a  standard  VSWR  oT  3:1  uBod  for 
calibration  purposes. 

1.  Amplifier  with  an  External  Mismatch  at  the  Output  Terminals  s 

In  considering  the  effect  of  a  mismatch  at  the  output  port,  some  a  pMori  restrictions  can 
be  imposed  on  the  value  of  the  VSWR  to  he  expected,  It  ts  assumed  that  the  VSWR  will  not  b» 
greater  than  1.3,  which  will  be  the  case  If  the  amplifier  is  followed  by  an  RF  beam-forming  net¬ 
work  qr  a  crystal  mixer.  In  tunnel  diode  applications,  It  ts  usual  to  use  a  balanced  mixer  In 
_or,der..in.mlnimi*e  local-osclUator-ieaknge -Into  the-tunnel- diode;-  In- particularrfor  many  applt**--'" 
cations  whore  packaging  is  of  Importance,  the  most  suitable  type  of  balanced  mixer  uses  a  90* 
coaxial  hybrid.  These  have  the  additional  advantage  of  presenting  a  reasonably  good  match  to 
Signal  frequencies;  typically,  the  VSWR  can  bo  kept  Within  1.3  over  the  pass  band. 

For  the  case  of  a  good  maloh.|Bt  the  input  of  the  amplifier,  the  gain  of  the  amplifier,  from 
Rq.  (4),  Is  given  by  :l-  ' 
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and,  by  rearrangomem  of  Eq',  <5f,  the  input  reflection  eooffimmit  is  found  to  be 


Jp  +  SL-  2SpLr)  +  SpL 
-  ^TT^Xr)“TfBpfr'' 


The  magnitudes  of  Ihe  various  turrrfs  in  these  expressions  are  listed  in  Table  2-I1J..  The 
characteristics  assumed  for  the  circulator  are  typical  for  receLver  application's;  0,3-db  inser¬ 
tion  loss  (S  =  0.96),  25-db  minimum  isolation  (L  »  0.056),  VSWR  =  1.12  (r  =  0.057),  When  the 
less  significant  terms  are  drbpped,  the  following  approximations  hold: 


ic  ®  3 

E,  i  -  rp  1-rp 


It  can  bo  soon  that  the  gain  is  not  greatly  affected  by  the  mismatch,  but  the  input  VSWR  is  affected. 
From  a  physical  standpoint,  one  can  see  why  this  should  be  so;  n  VSWR  of  1.3  introduces  a  re¬ 
flection  loss  of  about  0,1  db.  Hence,  a  small  loss  in  gain  due  to  reflection  loss  is  lo  be  expected. 
However,  most  of  the  energy  reflected  from  the  output  perl  of  the  circulator  travels  back  through 
the  path  from  port  3  to  port  1  practically  unattenuated,  and  a  very  small  fraction  la  returned  to 
the  diode  /ia  the  leakage  path  between  ports  3  and  Z,  The  wave  reflected  back  to  port  1  is  com¬ 
parable  in  magnitude  to  the  input  signal,  and  it  changes  the  input  VSWR  considerably.  At  port  1, 
the  reflected  energy  is  almost  entirely  absorbed  by  the  source  impedance. 
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.1.  Amplifier  with  External  Mlsmntchoa  at  Both  Input  and  Output  Terminals 

I  In  this  coao  the  energy  reflected  back  by  the  output  mlenintch  through  the  circulator  to  the- 
Input  port  ia  not  absorbed  entirely  by  the  Input  termination;  some  Fraction  IS  returned  to  tho 
amplifier,  thereby  complibllng  0  feedback  loop,  Tho  conditions  for  ouclllntlon  nro  much  more 
easily  satisfied,  and  the  gain  la  highly  dependent  on  the  phneo  relationships  between  the  varloua 
refloctlona  within  the  amplifier.  The  comploto  expression  (Eq.  (4) |  must  bo  UBBd  for  the  voltage 
gain. 

In  a  phased  array  receiver,  which  has  a  tunnel  diode  amplifier  behind  every  element,  each 
amplifier  will  see  ai  Us.  input  torminala  the  mismatch  of  the  antenna  element  that  drives  it, ’trans¬ 
formed  through  a  piece  of  Interconnecting  transmission  line.  In  a  worst-case  situation,  the  an¬ 
tenna  VSWH  could  bo  os  high  ar  2.5:1.  In  order  to  see  the  elfect  of  such  a  situation  on  the  gain 
1  of  (he  tunnel  diode  amplifier,  the  varlouB  terms  or  products  of  lerma  that  make  up  Eq,  (d),  the 
gain  equation,  have  been  tabulated  in  Table  z-iv.  As  before,  the  circulator  specifications  as¬ 
sumed  are:  0.3-db  Insertion  loss;  25-db  minimum  isnlallon;  VSWK  =  1.12.  Further,  it  has  been 
assumed  that  the  tunnel  diode  reflection  is  17db  and  that  the  amplifier  ts  working  into  a  mixer 
having  a  VSWR  of  1.3. 

It  can  be  noted  that  tho  greatest  effect  of  external  mismatches  on  the  gain  equation  is  to 
change  the  denominator.  The  numerator  is  changed  only  by  lire  multiplication  term  CS^,  which 
is  almost  unity  in  magnitude  and  is  important  mainly  for  the  addition  of  phase  shirt.  The  various 
terms  in  the  denominator  can  be  regarded  as  feedback  factors  that  can  affect  the  gain  either  ad¬ 
versely  or  regenerallvely,  depending  on  tile  phase  of  the  feedback.  The  three  terms  of  major 

2  3  2 

importance  are  I  he  produels  rp,  Xi^C  S  p  and  Ul  C  Sp-  The  first  one.  which  does  not  depend 
Oil  I  lie  input  and  output  mismatches,  is  due  to  multiple  reflections  between  the  diode  and  port  2 
of  the  circulator.  The  second  term,  XRaC  S  p.  is  due  to  a  small  fraction  of  the  amplified  signal 
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TERMS  IN  EQUATIONS  (6)  AND  (?) 


Numerator 

Denominator 

Quantity 

Magnitude 

— Quantity 

Magnitude 

Eg.  (8) 

.2 

S  p 

6,40 

5 

L 

0.055 

,  ■  w 

0.645 

-  -  rp 

Mp 

0.034 

XSpL 

0,04? 

M») 

Xr 

6.0)2 

XS?p 

0,815 

Xr2p 

0.0076 

Spt, 

0.382 

XSL 

0,004? 

2X  Splr 

0,00? 
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that  ia  reflected  at  port  3  back  through  the  circulator  to  port  1,  where  it  is  partially  reflected 
back  into  the  amplifier  by  the  antenna  mismatch.  The  third  term,  LR  “C3Sp,  is  the  result  of 
the  part  of  Die  signal  that  returns  to  the  input  via  the  leakage  path,  port  2 to. port  1,  within  the 
circulator  after  amplification  by  the  diode;  it  is  partly  re-reflected  back  into  the  amplifier  by 
the  anlenna.  ,  "• 

The  sum  (if  the  denomiimtor  terms  In  Tnbie  2-iV  can  be  mado  real  and  equal  to  unity  by  ape 
propriate  choice  of  phases;  hence,  the  amplifier  can  easily,  be  made  to  oscillate.  However,  a 
far  greater  margin  of  stability  wPVild  bo  achievable  if. the  output  mismatch  were  eliminated.  A 
very  simple  way  of  doing  this  is  to  use. a  4-parl  circulator  instead  of  a  j-port  clrculaibr. 


TABLE  2-1 V 

,  ■  TERMS  IN  EQUATION  (4) 

Numerator 

D«  nominator 

Quantity 

MagnUudt 

Quantity 

Magnitude 

Sa«2P 

5.9 

rp 

0.405 

S  CL 
a 

0.0505 

ii  LRoC2Sp 

0.161* 

SflCLrp 

0.0204 

(RaC2 

0.0244 

■ 

r2PRaC2 

0.0099 

*« 

XR0C2S3p 

0.34B 

XSpL 

0.0496  | 

Xr 

0.0074 

X3R  rC2SpL 

O 

0.0036 

Xr2p 

0.003 

XSR  C2L 

a 

0.003 

2  2 

Xr  R  CT 

a 

1.8X  I0"3 

3  ? 

XL  pR  C 
r  a 

7  X  in"5 

Xr3pR  C2 
r  a 

6  X  10"5 

IS<J  = 

0. 902  |L 

=  0.056  |X| 

=  0.13 

IRJ- 

0. 428  |S 

=  0.96  |p| 

=  7.1 

|C  !■ 

=  1.0  |  r 

=  0.057 
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lt  is  now  possible  for  manufacturers  to  supply  compact  4-port  circulators  having  a  25-db 
isolation,  a  ■t.ia-dh  VSVVH  and  0.3-db  insertion  loss  (port  i  to  port  2).  These  are  essentially 
two  circulators  \n  cascade;  there  is  a  minimum  isolation  of  25 db  between  ports  3  and  1,  and  any 
reflections  from  port  3  are  removed  from  the  system,  A  further  advantage  to  be  obtained  from 
using  a  4 -port  circulator  is  un  isolation  fronvport  3  to  port  2  in  exfteaa  of  40  dh,  Such  an  isola¬ 
tion  is  helpful  in  reducing  local  OBcillalor  leakage  from  the  mixer  to  the  diode.  This  is  a  major 
consideration,  because  without  the  additional  isolation  provided  by  the  4-port  circulator,  a  local 
oscillator  rejection  filter  or  isolator  would  bo  necessary  anyway. 

For  phased  array  applications*  us  well  as  many  others,  the  use  of  4-port  circulators  'In 
tunnel  diode  amplifier*  i*  conakloroci  absolutely  essential.  Vae  can  be  made  or  this  fact  by  putting 
-X-equnl-lo  aero-in  the  gain  expression^  The  gain-equation  reduce*  tq- . . . 
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and  the  Input  rerteetton  coefficient  |Eq.  (81 1  also  becomes 


l«'  2  2 

•tr-  -  H  +  taftT 

l'in  n  R  [(I  -  rpl.H  -  rlt  Ce)  -  LR  CcSp 


r(  1  -  i'h)  t  Sal-  _ 

i  n 


HO) 


(ill 


Consider  now  iho  effect  of  the  antenna  .rolleoilon  R  on  the  magntnido  of  the  gain,  Td’do  this, 
the  gain  equation  is  written  a»  i 
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1  -  t*H,  C" 


(12) 


I  ■ Jl  rp 

The  factor  S^'p/tl  —  rp)  Is  the  gain  of  the  amplifier  ns  It  is  sot  up  In  the  laboratory  before 
Installation  lit  the  system.  The  right-hand  side  of  Eq.  (1,2)  has  its  maximum  value  when  the  de¬ 
nominator  is  real  and  minimum;  conversely,  the  minimum  gain  la  oblntpod  when  the  denominator 
Is  real  and  maximum.  The  term  I.RaC  Sp/(l  —  rp)  has  Its  maximum  effect  when  r  and  p  are  In 
phase.  The  maximum  possible  gain  vs  Iho  minimum. possible  gain  is  expressed  ns. 
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_ _ it _ _ 1  -  I  >'  I  I  f>  I 

.  |ld<  C2Sp| 

1  - 1 '  V  I  -  rrfro 


if  the  amplifier  is  set  lo  linvn  a  nominal  gain  of  17  db,  then 


Hence. 


'!0  lnK  m  t  17 "" 

1  -  |  r  |  |p|  0.7  . 
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Substituting  the  vnlues  of  jrR^C2!  and  |LRnC2Sp|  from  Table  2-IV  yields 

maximum  possible  sain  .  ,  „ 
minimum  possible  gain  =  •*'bdb  ■ 

In  order  to  obtain  amplifiers  with  closely  matched  electrical  characteristic*,  the  physical 
layout  must  he  rigidly  adhered  to  from  amplifier  to  amplifier,  Hence,  for  any  two  amplifiers, 

It  is  not  likely  that  the  phase  angle  between  the  vectors  r  and  p  will  differ  by  ns  much  as  180* , 
The  gain  variation  from  the  amplifier  will,  therefore,  not  he  as  much  aa  <t,6db. 

This  result  Indicates  that  the  presence  of  the  mismatch  oannob  make  the  diode  oscillate 
under  any  condition,  It  can  also  be  shown  by  substitution  of  the  numerical  values  Into  Eq,  (It) 
that  the  reflection  coefficient  of  the  amplifier  U  less  than  unity, 

The  phase  shift  through  the  amplifier  and  the  way  in  which  it  Is  affected  by  the  antenna  mis¬ 
match  are  of  interest.  •• 

If  the  substitutions  rRRC2  =  V  e^v  and  LR -C^Sp/U  -  rp)  =  W  e^'v  are  made,  Eq,  (12)  can, be 
written  as 


where 


.  ($.)  _ !si 

Eiti  \Ein/o  1  -  V  «iv  - 

VWo  • 


W  e1 


,Jw 


The  quantity  V  e^v  can  be  .written  as  V  cosv  +  JV  sinv,  anti  W  e^w  can  be  written  ns  W  cosw  + 
JW  sinw:  therefore,  aftqr  rationalizing  the  denominator, 


/es\  /es\  Is  i  Icl  sJ^'W  J'an"1  |  — VLalntiL+JVjiiUL 
(  Zi.  )  „  IZL  j  Li— — —  _ M-Vcmv-W.  cos 

'in/  '^‘in ' o  (( 1  -  V  cosv  -  W  cosw)2  +  (V  sinv  +  W  sinw 


wj 

w)2] 


(13) 


The  total  phase  shift  is  equal  to 

i„S 


'/(tA)*  Am  ttan’1  [T-vtr!lv-J-w\|--  -I 
/_  \  ®*in  /  /  1 1  —  V  cos  v  -  W  cos  w  ’ 


Now  consider  that  the  amplifier  alone  has  a  flat  amplitude  response  and  linear  phase  with  fre¬ 
quency.  There  is  an  additional  gain  and  phase  distortion  factor  introduced  by  the  interaction  of 
the  input  mismatch  and  the  amplifier.  The  phase  term  is  equal  to 

t  -1  ( _ V  sinv  -t  W  sinw  , 

ian  1  1  -  V  cosv  -  W  cosw  1  ’ 

In  order  to  get  an  estimate  of  this  quantity,  it  is  first  noted  that 


W  =: 


LRaC2Sp  j 

LR  C2 
a 

Q2 

S  p 

LHacZ  x  /Ef\ 

i-rp  - 

S 

i  —  rp 

s  \  e.  / 

'  m/o 
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If  the  quantities  in  Table  2-IV  are  assumed  and  if  ||3®/R,  |  =  7.1  (17db  of  gain),  (ben  W 


is  approximately  7.1  limes  tho  value  of  V,  Hence. 


tan 


• 1  I  V  alnv  I  W  aln  w 


1  i  —  V  cos  v  —  W  cos  w  I  w  'ftl1  I  1  —  W  cos  \v  1 
The  maximum-value  of  this  expression  is  approximately  ton  W,  or  10*. 
k,  Conclusion 


w  aliix.. 


The  performance  of  the  circulator-coupled  tunnel  diode  amplifier  has  been  examined.  It 
has  been  shown  that  the  circulator  "characteristics  modify  the  performance  of  the  amplifier, 

The  affects  of  input  and  output  mismatches  are  reduced  by  the  use  of  4 -port  circulators, _  but 
they  still  modify  the  performance  of  the  amplifier,  The  residuut  effects  must  be  kept  to  a  mint- 
mum  by  speolfieatlon  of  high  circulator  Isolation.  The  VSWH  of  tho  circulator  can  be  used  to 
obtain  increased  bandwidth  by  optimising  the  position  of  the  diode  with  respect  to  the  circulator, 

,  ir  "  ■  ' 

4,  Practical  Tunnel  Diode  Receiver  Design 

n,  Haste  Considerations 

The  problem  of  designing  a  workable,  stable,  tunnel  diode  amplifier  la  made  difficult  by  two 
fundamental  properties  of  the  device! 


(f)  It  exhibits  the  property  of  negative  resistance  from  DC  to  microwave 
frequencies, 

(?)  The  tunnel  diode  la  a  Iwo-terminal  device. 

The  first  property  requires  that  careful  attention  be  given  lo  the  value  of  the  impedance 
presented  to  the  diode  over  a  very  wide  frequency  range,.  The  second  property  imposes  the  neces¬ 
sity  for  circulators, 

Tho  first  stage  of  the  tunnel  diode  program  hae  been  the  construction  of  nn  amplifier  centered 
at  a  frequency  of  900  Mops,  and  suitable  for  use  in  the  Lincoln  Laboratory  linear  array  toot  facil¬ 
ity.  The  linear  array  radar  transmitter  operates  with  a  fO-paoo  pulsewldlh.  However,  the  de¬ 
sign  objective  In  the  tunnel  diode  work  has  been  a  bandwidth  more  in  keeping  with  the  possible 
requirements  for  an  operational  array  radar;  it  was  considered  that  a  few  tens  of  megacycles 
would  be  satisfactory  for  a  first-generation  tunnel  diode  amplifier.  This  objective  has  been  met, 
and  further  improvements  are  being  made  to  obtuin  a  wider  bandwidth. 


b.  Circulator  Parameters 

According  to  the  foregoing  analysis,  the  prime  requirement  for  stability  within  the  amplifier 
pass  band  is  that  the  circulator  should  have  as  high  an  Isolation  as  possible;  25  db  is  the  value 
considered  minimal  for  a  gain  of  aboui  17  db.  This  implies  that  the  VSWH  should  be  Low,  since 
the  isolation  and  VSWIt  are  directly  related.  It  was  also  shewn  that  stability  is  very  difficult  to 
achieve  if  mismatches  are  present  simultaneously  at  the  input  and  output,  and  that  the  problem 
is  considerably  lessened  If  a  4-port  circulator  is  used  instead  of  a  5-port  circulator.  Moreover, 
tho  4-port  circulator  provides  additional  protection  against  local  oscillator  leakage,  which  should 
be  kept  below  -40dbm  at  the  tunnel  diode.  Pour-port  circulators  are  being  used  exclusively  in 
this  tunnel  diode  amplifier  development. 
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PORT  A 


PORT  5 


1 


In  order  to  obtain  as  low  a  noise  figure  as  possible,  the  insertion  loss  for  the  path  from 
port  i  to  port  2  should  be  Kept  as  low  as  possible,  because  this  loss  occurs  in  front  of  the  diode. 
The  effect  of  loss  incurred  beyond  the  diode  is  reduced  by  'he  gain  of  the  amplifier, 

Melaba  Company  has  developed  a  4-port  circulator  (model  X6 1 5)  having  the  following  speci¬ 
fications: 


Center  frequency 
Frequency  range 
Isolation:  ports  2  to  i 
Isolation:  ports  3  to  i 
Insertion  losnt  ports  1  to  2 
Ineertlon  loss:  ports  2  to  3  - 
VSWR  al  port  2 
Temperature  range 
Size 

Nominal  imptdsnaa 


900  Mops 

850  to  950  Mops 

25  db,  min 

25  db,  min 

0,3  db,  max 

<0,8dbL..._.  _ 

1.2max 

45*  to  120»F 

b\  X  3  if  X  2  inches 

50  ohms 


The  manufacturer  supplied  a  termination  on  port  4  so  that  the  performance  of  tho  alrculator 
could  bo  optimized.  Each  unit  hod  sufficient  magnetic  shielding  to  allow  the  utrcu'r.tors  of  two 
amplifiers  to  he  placed  in  contact  with  each  other  without  changing  the  amplifier  uliaracturUUdS. 
The  dimensions  of  the  circulator  design  were  chosen  so  that  the  complete  amplifier  package  , 
would  conform  with  tho  plug-in  module  concept  oi  array  construction, 

The  layout  of  the  circulator  is  shown  in  Figs,  2~36(a)  and  (b).  The  unit  consists  of  two 
Y-elrculators  integrated  into  a  alngie  unii.  The  connectors  are  arranged  in  what,  i»  commonly 
referred  to  as  an  H  configuration)  the  input  and  tunnel  diode  amplifier  are  on  one  side,  and  the 
oylput  and  termination  arc  on  the  other,  Figure  2-37  shows  performance  curves  for  a  typical 
unit.  The  impedance  looking  into  port.  2  is  given  in  Fig,  2-38.  It  can  be  seen  that  the  VSWR 
cllmba  more  steeply  a1  the  low-frequency  end  of  the  pasa  band  than  at  the  high-frequency  end.  ’ 

It  was  found  in  earlier  experiments  with  3-port  circulators  having  only  50  Mcps  of  bandwidth  that 
amplifier  Instability  occurred  nt  the  low-frequency  end  because  of  rapidly  changing  Impedance. 

It  is  of  Interest  to  examine  further  the  advantages  of  the  4-port  circulator  as  compared  with 
the  3-port  circulator,  in  the  case  of  the  3-port  circulator,  tho  leakage  from,  Say,  port  2  and  1 
port  i  can  be  considered  due  to  energy  that  travels  by  the  direct  transmission  path  from  port  2 
to  port  3.  Al  port  3  the  energy  is  not  all  absorbed  by  the  termination  because  of  an  imperfect 
match;  therefore,  a  small  amount  is  reflected  back  inlo  the  circulator  and  travels  along  the  di¬ 
rect  transmission  path,  port  3  to  port  i.  The  circulator  action  produced  by  the  ferrite  Is  as¬ 
sumed  to  be  perfect,  so  there  is  no  direct  transmission  from  port  2  to  port  i. 

Similarly,  the  leakage  from  port  3  to  port  2  can  be  considered  the  result  of  a  direct  trans¬ 
mission  from  port  3  lo  port  1,  plus  a  reflection  due  to  an  imperfect  match  at  port  i,  and,  finally, 
a  transmission  of  the  reflected  energy  from  port  1  lo  port  2.  There  is  no  direct  transmission 
from  port  3  to  port  2.  A  similar  argument,  holds  for  an  explanation  of  the  leakage  from  port  1 
to  port  3 . 

Let  the  leakage  from  port  2  to  port  i  be  25  db;  this  implies  that  1/316  of  the  Incident  energy 
that  travels  to  port  3  is  reflected  and  arrives  at  port  i.  Hence,  |  r  |  2  =  i/3it,  which  gives  a 
reflection  coefficient  of  0.056,  or  a  VSWR  of  1.12. 
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Consider  ihe  transmission  from  port  i  to  port  2,  There  is  no  direct  transmission  via  the 
path  I  to  3,  because  this  is  against  the  direction  of  circulation.  There  is  a  reflection  loss  al 
port  i  which,  together  with  a  smalt  dtaBtpatlve  loss  along  the  path  i  to  2,  comprises  the  Insertion 
loss,  Similar  explanations  hold  for  the  transmission  between  ports  2  and  3  and  between  ports  3 
and  1.  .  ...  ■  ij 

It  can  now  be  aeen  that  in  order  to  maintain  high  isolation  and  low  insertion  loss,  the  match 
at  each  port  should  be  good,  Suppose  that  n  3-port  circulator  were  to  be  uoed  in  un  array)  where 
the  antenna  VSWR  at  port  1  is  2,8:  i  (a  reflection  coefficient  of  0,43),  The  isolation  het'veen 
port  3  and  port  2  would  fall  to  ?db,  Similarly,  an  output  mismatch  on  port  3  reduces  the  isola¬ 
tion  on  path  2  lot. 

Refer"  navi  to  the  layout  of  the  ■t-port  cirnulator  glven  ln-Fig.  2-36(b),  -The  internal-ports, - 

where  the  first,  and  second  3-port  otroulalors  are  mated,  are  designated  port  A  and  port  B,  re¬ 
spectively  The  leakage  along  the  internal  path  port  3  to  porl'jB  does  not  vary  with  the  loading  on 
ports  i  and  2,  because  port  4  is  terminated  lit  a  well-matched  load,  in  practice,  ihe  ieolation 
measured  botween  port  3  and  port  i  Is  e(|ual  l(j|  the  Isolation  from  port  3  to  port  B,  plus  the  In¬ 
sertion  loss  In  the  interconnection  port  B  to  port  A  and  the  insertion  toss  along  the  forward 
transmission,  port  A  to  port  i,  This  la  found  to  be  virtually  invariant  for  the  impedance  placed 
on  port  2.  •  ' 1  ’ 

If  port  1  Is  well-terminated,  the  Isolation  obtained  between  ports  3  and  2  Is  roughly  equal 
to  t\V  l  the  Isolation  obtained  v>lih  a  3-port  olrculator  (In  excess  of  40 db),  The  least  isolation 
between  port  3  and  port  2  would  be  obtained  with  port  t  open-circuited;  it,  would  be  roughly  equal 
to  the  isolation  between  port  3  and  port  i,  For  theiX6iS  circulator,  t,hts  is  28  db,  minimum,  and 
typically  30 db,  s 

The  flow-graph  analysts  of  the  circulator  emphasized  the  importance  of  maintaining  high 
isolation  between  port  2  and  port  1  In  the  circulator-coupled  tunnel  diode  amplifier  for  stability 
reasons,  In  the  4-port  circulator,  there  le  a  stage  of  isolation  between  port  3  and  port  i,  Hence, 
the  Isolation  between  port  2  and  port  1  is  fairly  independent  or  the  loading  on  port  3, 

r  It  has  been  shown  that  the  parameters  of  the  4-port  circulator  are  far  less  sensttlve  to  ex¬ 
ternal  mismatches  than  those  of  the  3 -port  olrculator,  The  results  of  the  analysis  of  the 
circulator-coupled  amplifier  could  be  applied  to  this  problem  simply  by  assigning  the  appropri¬ 
ate  value  to  p,  the  mismatch  on  port  2,  In  the  case  of  the  amplifier,  the  imperfections  of  the 
circulator  were  magnified  by  the  gain  of  the  tunnel  diodd.  “ 

In  conclusion,  the  difficulties  experienced  In  the  operation  of  tunnel  diode  amplifiers  has  ted 
to  the  specification  of  high  Isolation  and  low  VSWR.  In  the  specification  of  Isolation  between 
ports  2  and  1,  an  extra  requirement  1b  now  Imposed:  the  isolation  should  not  fall  below  25  db 
when  a  sliding  short  Is  placed  on  port  3  and  Its  position  varied  through  360*  of  phase.* 

c.  The  Tunnel  Diode  Amplifier  Circuit 

The  tunnel  diode  amplifier  design  ts  shown  in  Fig,  2-39,  The  design  utilizes  dielectric- 
filled  microstrip  transmission  line.  The  heart  of  the  amplifier  is  a  piece  of  50-ohm  transmis¬ 
sion  line  about  3  inches  long  that  ts  connected  to  the  circulator  by  a  l  ight-angle  strip  line  to  N 
transition.  The  strip  line  is  terminated  in  a  50-ohm  load  to  ensure  a  good  wideband  match. 


*  This  test  wus  brought  to  my  attention  by  Mr,  john  Sie  of  Microstate  Electronics  Company,  Murray  Hill, 
New  Jersey. 
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-  „  Fig.  2-39,  Tunnel  diode  amplifier •  ,  j  i 

The  diode  la  mounted  in  parallel,  with  the  transmission  line  as  near  the  connector  oa  posal-  ]  , 

ble.  A  hole  is  flrllled  In  the  dlclootrlo  for  itiaertion  of  the  diode,  and  contact  is  made  by  s,  brnas  ,  ]  J 

screw  mounted  on  the  ground  plane,  The  brass  screw  Is  tipped  with  a  gold-plated  nickel  bellows  -■ 

spring*  for  the  purpose  of  cushioning  the  uontacl  between  the  screw  and  Ihe  diode,  1  lil 

The  50-ohm  HP  termination  provides  the  condition  for  DC  stability:  namely,  the  external  - 

resistance  seen  at  DC  by  the  diode  across  Its  terminals  must  bo  less  than  the  minimum  negative 
resistance  of  the  diode,  nominally  60  ohms.  This  termination  also  provides  Ihe  necessary  AC 
stability  outside  Iho  pass  bond  of  the  nmpUflor.  The!  diode  la  tuned  Into  parallel  resonance  by 
placing  an  RF  short  circuit  between  the  center  conductor  mid  the  ground  plane  of  the  strip  irons-  i 

mission  line  at  an  appropriate  distance  from  the  diode.  The  distance  la  less  than  \/4,  so  the  S  ■ 

transmission  line  appears  Inductive  at  the  diode  and  Is  chosen  so  Unit  the  total  capacitance  at  the  ! 

diode  Is  resonated  at  a  frequency  of  900  Mcps.  The  lolnl  capacitance  nt  the  diode  Is  made  up  of  j 

the  diode  equivalent  parallel  capacitanco  plus  Ihe  case  capacitance,  and  the  discontinuity  capacl-  ; 

tance  set  up  by  the  Introduction  of  the  diode  into  the  strip  lino  structure.  I 

The  RF  short  circuit  Is  achieved  by  shunting  the  strip  line  nt  the  appropriate  point  with  a 
quarter-wave  open-circulled  stub.  A  modification  that  provides  tho  feature  of  tuning  is  termi¬ 
nation  of  the  stub  in  a  variable  capacitor.  In  both  cases  the  equivalent  circuit  of  the  stub  Is  a 
series  trap  tuned  to  resonance  at  the  same  frequency  as  the  parallel  resonance  of  the  diode,  i.e.,  i 

900  Mcps,  The  Q  of  the  series  trap  must  satisfy  tho  fcllo-.vlr.g  requirements:  ; 

(1)  II  must  be  large,  so  that  the  RF  termination  is  virtually  shorted  out 
over  the  pass  band  of  Ihe  amplifier. 

(2)  It  must  be  large  enough  so  that  the  series  trap  has  a  high  impedance 
oulsidc  the  range  of  frequencies  where  the  amplifier  must  provide  gain. 

First,  consider  requirement  (1).  Figure  2--10  shows  a  plot  of  VSWR  vs  frequency  for  the 
amplifier,  Looking  from  the  circulator  Into  the  strip  line  connector  with  the  diode  removed  from 
the  circuit.  The  VSWR  is  fairly  low  except  in  a  range  of  frequencies  where  the  stub  behaves  as 
a  short  circuit:  over  a  100-Mcps  bandwidth  the  VSWR  is  at  least  30  db.  Outside  this  range  the 

*  This  bellows  was  reported  in  TR-236. 
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VSWR  drops  rapidly.  The  combined  effect  of  the  RF  termination  and  the  trap  as  seen  by  the  diode 
in  the  pass  band  of  the  amplifier  is  illustrated  on  a  Smith-Chart  admittance  plot  in  Fig.  ?,-4t. 
The  series  trap  is  assumed  to  be  at  resonance,  and  there  iB  a  voltage  minimum  on  the  trans¬ 
mission  line  at  this  point.  Hence,  the  admittance  is  real  and  at  a  maximum.  This  is  shown 
by  point  A  on  the  chart.  The  distance  from  the  voltage  mode  to. the  diode  for  this  particular 
ampiltler  was  O.iSJsi  By  rotating  the,  chart  a  distance  of  6.  18  X  on  a  constant  VSWR  circle  of 
TJt.6  (10 db)  toward  the  generator,  the  admittance  Is  transformed  to  the  point  0.04- J0.46.  The 
Imaginary  part  of  this  admittance  corresponds  to  the  shunt  inductor  that  brings  the  diode  into 

parallel  resonance.  The  real  part  of  the  admittance  is  an  undesirable  damping  term,, 

*  ..  ••  ■  -i 
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Fig.  2-42.  Equivalent  circuit  for  nelu  figure  calculation. 

To  estimate  the  effect  oh  the  poise  figure  of  the  damping  term,  see  the  equivalent  circuit 
shown  in  Fig.  2-42.  In  thla  equivalent  circuit  there  are  no  reactive  terms,  because  the  diode  is 
considered  to  be  tuned,  Tho  term  d0  represents  the  circulator  conductance  pheaented  to  the 
diode.  Tho  quantity  Gg  c()  Is  that  port  of  tho  diode  shunt  conductance  due  to  dissipation  In  the 


diode,  represented  by  rg  In  Fig.  2-30.  The  GNecj  Is  the  part  of  the  diode  shunt  conductance  due 
to  the  tunneling  ofroct,  CIN  being  nogallve,  The  term  GL  represents  any  additional  circuit  losses 
excluding  the  damping  effect  of  the  RF  termination;  ClR,r  represents  tho  damping  term. 

^ * 1  _ g  —2  —2 

The  mean  sq\, tare  noise  currents  associated  with  these  conductances  are  l  ,  ig  ,  Ijj,  1^  and 
respectively,  whore 

iI2«4KTBGc  , 


IZ  ■=  4KTBG 
a  b  eci 


TN  -  4KTB|GN  I 


I2  =  4KTBaL 


Irt  =  4KTBaRT 


Tho  noise  power  out  of  tho  amplifier  =  {KTB/G^)  [Gt>  +  0q  +  I^Neql  +  Gj  +  G^,]  times  gain 
of  amplifier.  The  noi.se  power  into  the  amplifier  -  KTB.  By  definition, 


noise  figure 


noise  power  out  referred  to  the  input 
~  ~  noIse”power  in 


=  1  +  -l**3 


I  °N  cq  I  ,  GJIT 

G  G„  G 
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U  we  let  be  the  noise  figure  of  the  amplifier  without  the  contribution  of  the  damping  conduct- 


noise  figure  =  N,  +  •  3^ 
i  uc 


The  mlninfurn  nwise  figure  obtainable  with  a  germanium  diode  is  about  4db;  that  obtainable  with 
a  gallium -antimonidl*  diode  is  about  $db.  Subatitutlng  these  values  for  N^,  and  0.Q4  for  Qj^t/Gc* 
we  find  tW  ihe  additional  damping  imposed  by  0R7  increases  the  Y<oiae  figure  by  only  0,08  db  for 
the  germanium  diode  and  0.1  db  for  tho  gallium -ant itnohide  diode.1!  • 

In  order  to  ealimato  the  effect  of  the  damping  term  on  the  gain,  U  is' assumed  thht  the  eii'ctu-  , 
lutoi*  Is  ideal  andHial  "the* power  "gaIt\”IaTcjiml  to  the  square  of  the '  magnitude  of  t  he  reflection 
coefficient!  *'*'  ,, 


If  we  substitute 


Assume  that  the  amplifier  has  17  db  of  gain.  Then*'  if  the  damping  term  is  ignored, 
of  =  0,753.  By  substituting  this  value,  and  putting  equal  to  0,04  in  Eq,  (14),  V'O  reduce 

the  gain  to  15,6 db,  Unfortunately,  the  ratio  is  not  constant  across  the  pass  band  be¬ 
cause  the  impedance  of  the  trap  changes,  causing  some  Iohs  in  bandwidth.  « 

In  summary,  the  Q  of  the  trap  is  sufficiently  large  so  that  the  RF  termination  contributes 
little  to  the  noise  figure  of  the  amplifier,  but  some  small  decrease  in  bandwidth  J,<?  ^sprvpri. 

Consider  now  requirement  (2),  that  the  impedance  of  the  trap  must  be  high  outside  the  pass 
band  of  the  amplifier.  If  this  condition  is  met,  the  tunnel  diode  becomes  resistively  loaded  by 
the  RF  termination,  and  the  possibility  of  oscillations  is  reduced,  Referring  to  the  VSWR  plot 
in  Fig.  2-40,  wc  see  that  tho  VSWR  is  quite  low  outside  the  signal  frequency  range.  In  practice, 
it  is  found  that  adequate  damping  is  provided  for  the  suppression  of  oscillations.  An  extra  mar¬ 
gin  of  stability  is  provided  at  the  signal  frequency  band  edges,  where  the  VSWll  of  the  tuning 
circuit  is  still  high,  by  specifying  that  the  circulator  bandwidth  be  twice  as  wide  as  the  instan¬ 
taneous  bandwidth  of  the  amplifier. 

The  lunnel  diode  amplifier  is  designed  to  operate  from  a  6-volt,  DC  power  supply,  A  po¬ 
tentiometer  divider  reduces  the  bias  to  about  120  mv  for  correct  biasing  of  the  tunnel  diode; 


the  50 -ohm  HK  termlnutkm  forms  port  of  l hi:  bins  network.  Tho  complete  amplifier  requires 
toss  than  4  ir,o  of  curroni.  There  is  a  DC  block  between  the  circulator  and  the  tunnel  diode.  At 
a  frequency  of  ^OOMcps,  It  is  still  possible  to  use  a  lumped  capacitor,  and  a  silvered  rftica  ca¬ 
pacitor  without  wire  leads  was  used.  Above  900  Mops,  il  is  possible  to  modify  the  connector  and 
build  a  coaxial  capacitor  Into  the  center  conductor.  . _ _ _ ....  . 

The  amplifier  is  enclosed  in  an  aluminum  box  to  provide  RF  shielding,-  The  Capacitance  be¬ 
tween  tlio  box  and  iho  amplifier  circuit  modifies  the  performance  cf  the  amplifier,  and  lias  to  be 
iaken  tnio  account  in  the  design.  Bias  connection  Is  made  into  the  amplifier  with  an  Erie  feed¬ 
through  filter. 

The  diode  used  in  Die  amplifier  has  a  nominal  minimum  negative  resistance  of  60  ohms.  This 
...yaUtfi  was  eiioaan  SQ_tho(  tho-dtade-  CBuid-bo-blbsed  at-a-voltage-oomewhat  in  exceaB  of  the  valus 
required  to  give  maximum  gain;  the  b!«E  point  was  chosen  to  give  minimum  noise  figure.  The 
gain  Was  17  db,  The  diode,  Mlcrostate  MS1047,  has  iho  following  specifications!  1 

beak  current  1,6!  me  *  10  percent  * 

Noise  constant  1.35  max  #  » 

Capacitance  3  to  Spf 

Minimum  negative!  resistance  60  *  2,5  ohms . .  3 

Sorios  resistance  2 ohms 

Series  Inductance  0,3  mph  „ 

5  Resistive  cutoff  frequency  3,5  Oops  ,, 

Seif-resonant  frequency  4,3 Oops  .  lL.  r  ■ 

Peak  valley  ratio  8: 1  typical,  6il  max  • 

Peak  voltage  53  mv  typical 

Valley  voltage  275  mv  typical  „ 

Material  germanium 

A  number  of  amplifiers  havo  been  built  to  this  design  and  these  perform  in  a  similar  manner. 
Typically,  tho  amplifiers  have  a  40-  lo  45-Mcps  3-db  bandwidth  at  17db  of  gain  and  a  broadband 
noise  figure  of  4,3  db,  Eight  of  these  units  are  now  being  Installed  In  iho  phaBod  array  compo¬ 
nents  test  rack  for  long-term  phase  and  amplitude  stability  teats,  These  units  are  shown  mounted 
on  the  rack  in  Pig.  2-4 i, 

Plots  of  gain  vs  frequency  Tor  two  of  these  amplifiers  are  shown  in  Figs.  2-44(a)  and  (b),  and 
the  differential  gain  vs  frequency  is  given  in  Fig.  2-45.  It  can  be  seen  that  the  gains  are  within 
idb  of  each  other  over  tho  entire  signal  frequency  range. 

The  phase  shifts  through  the  amplifiers  vs  frequency  nre  plotted  in  Figs,  2-46(a)  and  (b).  The 
plots  are  somewhat  8-shaped.  More  detailed  plols  over  the  frequency  range  890  to  OioMcps  are 
given  In  Figs,  2-47 (a)  and  (b).  These  plots  are  nearly  linear.  The  differential  phase  vs  frequency 
is  shown  in  Fig,  2-48,  it  can  be  seen  thal  the  differential  phase  le  within  +1.5"  to  -1.0°  over  the 
frequency  range  890  to  fMOMcps, 

d,  Wideband  Amplifier 

A  wideband  amplifier  that  utilizes  i  o  residual  VSWR  of  the  circulator  as  a  toning  element 
is  shown  in  Fig.  2-49.  The  distance  from  the  diode  to  the  circulator  has  been  optimized  to  obtain 
Ihe  most  favorable  phase  vs  frequency  relationship.  A  second  tuning  element  lias  been  introduced 
at  the  connector  in  the  form  of  an  open-circuit  stub. 


Fig,  ,?-43.  Eight  tutintl  died*  amplifier!  mounted 
with  mitten  ond  IF  amplifier!  In  a  teit  took. 


fMQUINCY  (MlM) 


(o)  Amplifier  1 


i«hA*  sis  nk?  ii* 

mwm* 

(b)  Amplifier  2 


Fig.  2-47,  DotulUd  pi  oh  of  phai*  vi  fraquonoy,  890  to  910  Mop., 


The  swept  frequency  response  of  the  amplifier  is  shown  ih  Fig. ,2-50,  The  markers  tire  at 
860  anti  955  Mcps,  the  T -till  bandwidth  la  110  Mops  and  the  gain  at  oenter  frequency  Is  17  rib.  A 
20-db  gatii  reference  level  is  also  shown  in  the  picture.  This  wideband  amplifier  will  supersede 
the  narrowband  version. 


Flfl.  2-30,  Wideband  amplifier  reiponia  (morkert  al 
860  and  ?55Mopi).  Top  trooa  reference  at  20-db 
flalni  lower  trooa  amplifier  retponie(l7-db  maximum 
Sain), 
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e,  Tunnel  modes 

Two  types  of  commercially  uvallable  diodes  nro  sellable  Tor  use  In  low-noise  microwave 
amplifiers,  One  type  Is  made  from  doped  gernUmltftn  and  one  from  doped  gallium  nntimonlde. 

,  The  essential  differences  between  these  Iwo  typos  are  brought  out  In  Fig.  2-51,  which  shows 
Ihe  I-V  eluirjfetcrlstfca  for  a  germanium  diode  and  a  gulllum-anUmonlde  diode,  Each  diode  wits 
selected  to  have  a  negative  resistance  of  60  ohms.  The  optimum  bias  point  Is  at  a  higher  current 
for  ihe^germanlum  diode  than  far  the  OaSb  diode.  The  main  contribution  lo  the  amplifier  noise 
is  glvdh  by  the  ahot-nolso  term  201o|R|,  where  IQ  Is  the  DC  bias  current.,!  For  those  diodes 
|R.|  has  the  same  value:  60  ohms,  Heride,  the  ratio  of  the  shot-noise  contributions  Is  equal  to 
the  ratio  of  the  DC  bias  points,  The  lower  shot  tolBe  of  the  dnSb  diode  gives  11  an  Improvement 
In  noise  figure  of  approximately  l.Odb,  Substitution  of  the  OaSb  diode  In  the  900-Mcps  amplifier 
gave  a  notso  figure  of  3.3  db. 

It  can  also  be  seen  from  the  curves  thut  the  range  of  the  linear  negative  resistance  region 
for  Ihe  UaSb  unit  Is  shout  half  the  range  for  thti  germanium  unit.  Moreover,  it  can  be  expected 
thnt  the  saturation  output  level  will  be  about  6db  less  for  the  OaSb  unit. 


Fig.  2-51.  Tunnel  diode  l-V  charocterhlles. 
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f,  Mixers 

The  specific  requirements  for  a  mixer  thal  is  to  be  used  with  tunnel  diadu  amplifiers  are: 

U)  Low  VSWH  at  the  signal  port, 

(2)  High  isolation  between  the  local  oscillator  and  signal  ports, 

These  requirements  are  beat  satisfied  by  a  balanced  mixer  such  as  that  developed  by  Sage 
Laboratories,  This  rnixur  la  of  a  coaxial  construction  that  utilizes  a  hybrid  power  divider  and 
crystals  of  type  1N416E,  Pbra  local  oscillator  drlVB  level  of  2  mw,  the  VSWH  at  the  signal  and 
local  Oscillator  porta  la  under  1,3  over  the  frequency  range  830  to  930  Mcps,  and  the  Isolation  Is 
.12 db,  minimum,  Under  maximum  mismatch  conditions  at  the  antenna  (2,5:1)  the  Isolation  pro¬ 
vided  by  ihe  4-port  circulator  In  the  tunnel  diode  amplifier  is,  in  tfie  worai  daie,  32 db,  Hence, 
tho  leakage  to  the  tunnel  diode  is  kept  to -40  db,  maximum. 

C,  TUNNEL  DIODE  DOWN-CONVERTERS 

1,  Introduction 

Two  tunnel  diode  down-converters  of  the  type  reported  by  F,  Sterzer  and  A,  Pressor*  were  ; 
obtained  from  the  Radio  Corporation  of  America  for  purposes  of  ovttiuAtion.  A  conversion  loss  , 
or  Odb  and  a  wideband  system  noise  figure  of  2.5  to  3db  have  been  obtained  by  these  workers. 
When  the  tunrtei  diode  down-converter  la  compared  with  the  conventional  crystal  mixer,  Its  lower 
conversion  loss  and  noise  figure,  along  with  Its  higher  power  output  saturation  level  and  greater 
.resistance  to  burnout,  make  ll  an  Interesting  device. 

It  must  be  emphasized  that  a  phased  array  radar  that  employs  RF  beam-forming  techniguss 
will  have  unavoidable  losses  In  front  of  the  mixer  duo  to  ihe  beam-forming  hardware,  For  maxi¬ 
mum  sensitivity  it  Is  necessary  to  place  an  RF  preamplifier  behind  every  .antenna  plement,  and 
the  system  noise  temperature  is  primarily  defined  by  thB  preamplifier.  In  thlB  situation,  there 
is  no  real  advantage  to  be  gained  in.  using  the  tunnel  diode  down-converter  in  place  of  the  crystal 
mixer.  t 

2,  Experimental  Results  i! 

Tho  theory  of  operation  and  the  characteristics  of  Ihe  tunnel  diode  down-converters  are  so 
extensively  reported  by  (Sterzer  and  Presser,  that  there  appears  to  be  little  merit  In  presenting 
a  verification  of  their  experimental  results.  However,  some  of  the  properties  of  the  two  down- 
converters  supplied  are  of  interest, 

The  down -converters  were  operated  with  the  impedance  presented  to  the  device  at  the  image 
frequency  equal  to  the  eource  impedance  (50  ohms).  Under  these  conditions,  the  broadband  sys¬ 
tem  noise  figure  was  about  Sdb.t  About  2db  of  improvement  can  be  obtained  if  a  short  circuit  is 
presented  to  the  image  frequency  current  by  the  use  of  an  external  image  rejection  filter.  The 
converters  had  a  gain  of  approximately  unity  and  30  Mcps  of  bandwidth  centered  at  1300  Mcps. 

No  DC  bias  was  required.  Various  locfcl-oacillator  (LQ)  drive  levels  were  used,  ranging  from 
i  lo  3mw.  At  zero  LO  drive,  the  signal  VSWR's  of  the  down-cbnvertcrs  were  1.4:  i  and  i.5:i, 
respectively,  and  increased  to  2.5:  i  and  2.2:  i,  respectively,  at  a  3-mw  LO  drive. 

*F.  Sterzer  and  A.  Presser,  "Stable  Low-Noise  Tunnel-Diode  Frequency  Converters,'1  RCA  Review  23,  No.  1,  3 
(March  1962). 

t  The  noise  figure  of  the  IF  amplifier  that  followed  wu»  to  1 ,7  db. 
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Figure  2-52  shows  a  plot  of  Input  power  fit  1300  Mcpa  vh  output  power  at  30  Mops  for  one  of 
the  units.  For  comparison,  the  some  relationship  has  been  plotted  for  n  balanced  crystal  mixer 
at  900  McpH,  with  the  same  LO  drive  per  crystal,  The  comparison  is  not  really  meaningful  be¬ 
cause  the  IK  input  impedance  in  both  cases  waB  SOohmaj  this  presented  a  good  IB'  match  to  the 
crystal  mixer,  but  a  mismatch  to  the  tunnel  diode.  The  tunnel  diode  curve  Indicating  a  10-db 
conversion  loss  for  this  unit  Is  probably  accounted  for  By  the  IF  mismatch. 


verting  device  that  Introduced  uncertainties  into  the  results.  Consequently,  only  differential 
phaso  and  amplitude  measurements  between  the  two  tunnel  diode  converters  were  made. 

Tho  differential  phaso  and  amplitude  characteristics  vs  Input  power  were  recorded  at  a  fre¬ 
quency  of  1,3 Qcps.  These  have  been  plotted  tn  Ktg.  2-53. 

One  down-converter  was  placed  In  an  oven,  while  the  other  was  kept  at  room  temperature 
(25°C).  The  temperature  of  the  oven  was  varied  from  10°  to  35°.  At  a  frequency  of  t.3Gcps, 
the  greatest  difference  In  gain  between  the  two  channels  wait  0.7  db,  and  the  phase  difference 
was  1,25°. 


Fig.  ?-53.  Tunnel  diode  down-converter 
saturation  characteristics. 
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0.  LOCAL  OSCILLATOR  EFFECTS  IN  TUNNEL  DIODE  RECEIVERS 

1.  Introduction 

II  la  common  practice  to  use  a  preamplifier  to  sot  the  system  tnpqt. noise  temperature,  The 
preamplifier  la  fallowed  by  a  mixer  that  convert*  the  signal  to  an  Intermediate  frequency.  Moat 
of  the  receiver  amplification  la  provided  at  ,tho  lntormodlale  frequency,  where  it  la  usually  easier  'i 
to  obtain  high  gain,  rather  than  at  the  RF  frequency. 

The  Ideal  mixer  would  have  throe  pairs  of  terminals,  corresponding  to  the  IF,  RF  and  L,0 
frequencies,  with  zero  leakage  between  any  of  the  tormthal  pairs,  Unfortunately,  practical 
mixers  do  exhibit  leakage,  It  is  usually  easy  to  obtain  high  isolation  between  the  RF  and  IF  ports 

and  between  the  LQ  and-IF-ports,  -  since -the  respect  ive  frequencies -are  widely  spaced _ lt  lB_tLr _ 

much  more  difficult  t^ek  to  obtain  high  Isolation  between  the  LO  and  RF  ports,  although  this  dif- 
fleuliy  can  be  minimized  tn  a  well-designed  balanced  mixer,  i1 

The  Impedance  that  the  mixer  presents  to  the  signal  frequency  Is  a  function  of  the  local 
oscillator  drive,  Provided  that  the  signal  power  is  tiV  least  20 db  below  the  local  oscillator  drive 
power,  the  mlxar  impodance  at  the  signal  frequency  Is  not  a  function  of  the  signal  power  level, 
Under  these  conditions,  a  linear  relationship  exists  between  the  RF  power  Into  the  mixer  and  the 
IF  power  out  of  It.  .  , 

The  function  of  the  looal  oscillator  Is  to  drive  the  diodes  in  the  mixer  over  a  I-V  character¬ 
istic  that  is  essentially  square-law,  Hence,  even  If  the  local  oscillator  Is  free  from  harmonica, 
the  mixer  ItaUf  genisratea  harmonics,  It  ts  the  transfer  of  power  from  the  local  oscillator  port 
to  tho  signal  frequency  port  by  way  of  the  LO  harmonlos  generated  within  the  mixer  Itself  that 
makes  It  difficult  to  obtain  high  lj-latlon.  .  >  • 

2.  Evaluation  of  Mixers  .  i, 

In  order  to  Illustrate  the  problem,  some  measurements  taken  on  two  types  of  balanced  mlxf 

era  are  presented.  (A  bolometer  was  used  to  measure  powor  at  the  fundamental  frequency  and 
at  all  harmonics.) 

Type  1  (Sago  Laboratorleo  252- IA) 


Signal  frequency 

1320  Mepa 

LO  frequency 

1260  Mcpfl 

IF  frequency 

60  Mcps 

LO  drive 

+3  dbm 

Total  power  leakage, 

LO  port  to  signal  port 

-2.4  dbm 

Power  leakage, 

LO  port  to  signal  port 

Fundamental 

-2.7  dbm 

2nd  harmonic 

— 14.3  dbm 

3rd  harmonic 

-19.7  dbm 

Total  power 

—  2.4  dbm 

Type  2  (Sage  Laboratories  2523-5) 

Signal  frequency  850  to  950  Mcps 

LO  frequency  825  Mcps 
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IF  frequency  ~ 

LO  drive 

Total  power  leakage, 

LO  port  to  signal  port 

i  :  Power  leakage, 

LO  port  to  signal  port 

Fundamental 
2nd  harmonic 
3rd  harmonic 
4th  harmonic 
Total  power 

Tt'carni'a  aeon  that  the  LO  isolation  i'or  the  first  mixor  is  5.4  Ub,  und  that  the  greatest  con- 
tHbut Ion  tp  the  leakage  is  the  fundamental  frequency,  By  comparison,  the  effect  of  harmonics 
ghealer  than  the  third  is  small.  However,  It  will  be  showt^later  that,  although  small,  the  con¬ 
tribution  of  the  higher  harmonies  to  the  leakage  can  be  extremely  troublesome  to  tunnel  diode 
amplifiers,  . 

It  is  interesting  to  note  that  the  method  of  obtaining  the  isolation  of  the  mixer  by  summing 
the  contributions  of  individual  measurements  on  the  first  throe  harmonics  agrees  well  with  the 
measurement  usitig  a  bolometer. 

In  the  case  of  the  second  mixer,  a  bolometer  measurement  indicated  an  Isolation  of  13,7db, 
The  method  of  obtaining  the  isolation  by  summing  the  oontributions  of  the  first  four  harmonics 
yields  a  result  that  differs  by  0.7  db.  The  difference  has  not  been  accounted  for,  The  main  point 
of  interest  Is  that  the  major  contributor  to  the  leakage  is  the  second  harmonic.  Better  balance 
In  the  mixer  has  increased  the  rejection  of  the  fundamental  frequency  and  the  third  hnrmonlc. 

3,  Circulators 

The  most  successful  tunnel  diode  ampllfii  •  that  hns  been  realized,  to  dato  utilizes  a  circu¬ 
lator  to  separate  Input  and  output  signals.  Such  an  amplifier  is  shown  as  pari  of  a  receiver  in 
Fig.  2-54.  It  has  been  found  that  thn  use  of  a  4-port  circulator  Is  necessary  to  reduce  Input  and 


30McpS 
+3  dbm 

- 10,7  dbm 

—  46.  7  dbm 
— 13.3  dbm 
-25  dbm 

—  29  dbm 

—  ii .  4  dbm 


Fig,  2-54.  Low-noise  receiver  with  tunnel 
diode  preamplifier. 
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output  mismatch  effects.  It  is  also  helpful  ia  reducing  the  effects  of  local  oscillator  leakage. 
However,  the  amount  of  protection  from  LO  leakage  that  the  circulator  provides  1b  far  Iobs  than 
was  previously  assumed.  The  problem  Is  that  the  circulator  maintains" Its  characteristics  over 
a  range  of  frequencies  that  is,  in  general, i  leas  than  an  octave,  The  clroulator  cannot  he  relied 
upon  to  provide  high  Isolation  from  the  mixer  to  the  tunnel  diode  at  harmonics  of  the  local  oscil¬ 
lator,  Most  of  the  circulators  operate  below  the  frequency  of  ferromagnetic  resonance,  This 
means  that  above  a  harmonic  of  a  certain  order,  the  harmonica  of  the  local  oscillator  are  above 
the  resonance  frequency  of  the  circulator.  When  this  occurs.,  the  paths  through  the  circulator, 
which  are  paths  of  easy  transmission  In  the  signal  froquency  band,  become  paths  of  high  iflola*- 
3 ion,  Conversely,  directions  in  the  circulator  that  offer  high  Isolation  to-  frequencies  within  the 
signal  frequency  band  become  paths  of  low  Insertion  loss.  As  a  result,  high-order  harmonics 
of  the  local  oscillator,  generated  within  the  mixer,  can  have  a  large  disturbing  influence  on  the 
■I’.nriel  diode.  In  order  to  demonstrate  this  problem,  some  measurements  Wbro  taken  on  one  of 
ten  circulators  recently  acquired  for  tunnel  diode  amplifier  construction.  The, characteristics 
of  this  circulator  (Melabs  X615 -5)  arc  0.3  follows,  /1  . . 
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The  fourth  column  shows  the  amount  of  power  that  leaks  back  to  the  tunnel  diode  amplifier  at  the 

: 

various  harmonics  of  the  local  oscillator  when  a 

mixdr  of  type 

2  Is  usoij  in  conjunction  with  this 

particuiar  circulator  and  when  the  LO  frequency  is  set  at  825Mcps.  Clearly,  with  regard  to 
order  of  importance,  the  fourth  column  should  be  rend  from  the  bottom  upward. 

A  further  experiment  was  performed  to  find  out  what  effect  the  various  harmonics  had  on 
the  tunnel  diode  amplifier.  In  general,  the  local  oscillator  and  its  harmonics  vary  the  bias  point 
of  the  tunnel  diode  in  a  periodic  manner.  This  onuses  n  change  in  the  value  of  the  negative  re¬ 
sistance  of  the  diode  presented  to  the  signal  frequency  band  and,  hence,  a  reduction  in  gafcn.  Be¬ 
low  a  leakage  level  of  about  -45dbm,  no  gain  compression  is  noticeable. 

•  Jt  was  found  that  the  first  two  harmonicB  had  no  appreciable  effect  on  the  amplifier  gain. 

The  third  harmonic  caused  a  discernible  compression,  and  the  fourth  harmonic  caused  a  com¬ 
pression  of  from  about  8  to  17  db.  A  further  serious  effect  observed  was  that  the  amount  of 
compression  caused  by  the  fourth  harmonic  was  very  dependent  on  the  netting  of  local-oscillator 
frequency. 
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4.  Solution  of  the  Problem 


In  order  to  obtain  the  full  advantage  of  using  a  tunnel  diode  preamplifier,  a  filter  must  be 
placed  between  the  tunnel  diode  amplifier  and  the  mixer  to  reject  image  channel  noise.  Without, 
the  filter,  the  system  sensitivity  is  degraded  by  3db,  The  filter  must  have  minimum  attenua¬ 
tion  within  the  signal  frequency  band  and  a  linear  phase-frequency  characteristic.  It  must  also 
provide  about  20  db  of  rejection  within  a  band  of  frequenuies  (equal  to  the  signal  frequency  band) 
centered  about  a  frequency  equal  to  f]  0  -  fj^.  This  filter  can  be  made  a  bandpass  filter  and, 
hence,  can  perform  the  additional  task  of  providing  the  required  amount  of  LO  harmonic  rejec¬ 
tion.  It  can  also  probably- provide  10  db  of  LO  rejection  at  the  fundamental  frequency  as  an  ad¬ 
ditional  jjsafety  factor,  thus  allowing  for  reduced  circulator  isolation  that  occurs  when  the  ampli¬ 
fier  is  driven  rrom  a  mismatched  input.  lr  n  phased  array  radar,  the  necessary  isolation  be¬ 
tween  the  mixer  and  preamplifier  mm  also  be  provided  by  an  RF  beam-forming  matrix,  High- 
order  harmonies  generated  by  transmitting  tubes  In  an  array  where  transmitting  and  receiving 
functions  are  combined  can  also  prove  troublesome. 


Ey  ELECTRON-SEAM  PARAMETRIC  AMPLIFIER  (EBPA)  EVALUATION  PROGRAM 

An  extensive  testing  program  designed  to  measure  the  operational  characteristics  of  thelj' 
Zenith  EBPA  was  completed  recently.  Particular  emphasis  was  placed  on  confirming'  those 
characteristics  of  the  EBPA  that  are  of  interest  to  designers  of  phased  array  radar  systems. 

Week-long  pump-on  amplitude  stabilities  of  better  than  ldb  rms  with  concurrent  pump-on 
phase  stabilities  of  better  than  1*  rms  were  obtained  after  certain  problem*  conneoled  with  the 
ETTPA'e  sensitivity  to  small  changes  In  magnetic  field  strength  had  been  overcome, 

The  full  scope  and  results  of  this  evaluation  program  strip  presented  In  a  Lincoln  Laboratory 
report ." 
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CHAPTER  III 

INTERMEDIATE- FREQUENCY  AMPLIFIERS  FOR  PHASED  ARRAYS 

J.  DlRartiilo 

SUMMARY.  J  »  • 

This  chapter  outlines  pararnofer  limits  of  transformers  wiih  toroidal  cores  for  use  with 
amplifiers  covering  the  frequency  band  lu  to  100  Mops, 

A  brief  description  of  these  transformer-coupled  common-base  amplifiers  waB  presented 
in  TR-236  *  However,  more  design  details  are  given  in  this  chapter  for  a  similar  amplifier 

with  an  even  larger  gain -bandwidth  product,1  Plots  of  the  theoretical  bandpasoond  phase_char- _ 

acterlstlcs  are  Included,  together  with  experimental  results  on  several  amplifiers,  Design 
graphs  are  also  presented  to  show  practical  magnitudes  of  leakage  inductances  of  toroidal  trans¬ 
formers  as  a  function  of  turns  ratio,  It  was  found  possible  to  increase  the  self-inductance 'bf 
the  transformers  and  thereby  improve  the  low-frequency  gain  of  the  amplifier  hy  presetting 
the  transformer  ooros  with  a  ourrent  Impulse. 

Several  amplifiers  have  been  built,  and  thetr  gain  and  handwidth  have  been  found  to  be 
similar,  Identical  layout  and  regular  stock  components  were  used  In  all  cases, 

The  primary  and  secondary  windings  of  the  transformer  are  wound  so  that  they  have  the 
■  same  rotation  Henae,  and  the  secondary  turns  arc  epread  out  to  cover  the  entire  core  In  order 
to  reduce  the  loakage  Inductance, 

The  solution  to  mesh  equations  for  the  theoretical  gain  Is  arrived  at  by  flow-graph  techniques. 
Several  graphs  arc  Introduced  to  show  the  theoretical  gain,  the  bandwidth  and  tho  phase  linear¬ 
ity  of  a  typical  stage. 

Moreover,  photographs  are  included  to  show  the  achieved  rise  time,  the  gatn  and  bandwidth, 
the  transient  response  and  the  overload  condition.  A  typical  amplifier  design  using  those  tech¬ 
niques  has  66db  of  gain  and  nanosecond  rise,  fall  and  recovery  time, 

A.  INTRODUCTION  ' 

An  operational  phased  array  radar  may  require  several  thousand  IF  amplifiers  having 
practically  Identical  phase  and  amplitude  characteristics.  The  amplifier  characteristics  should 
track  one  another  over  wide  ranges  of  temperature  and  power-supply  voltage.  The  ideal  ampli¬ 
fier  would  meet  these  requirements- and  also  be  inexpensive,  reliable  (all-solid-state)  and  com¬ 
pact.  It  would  require  little  or  no  tuning  and  use  a  minimum  of  power.  The  wideband  amplifier 
described  in  this  chapter  has  a  linear  phase  vs  frequency  characteristic,  maintains  gain  and 
phase  stability  for  a  wide  range  of  temperature  and  voltage  variations  and  can  be  built  inexpen¬ 
sively  using  normal  stock  components.  This  is  achieved  by  using  transistors  In  a  common-base 
configuration  and  using  transformers  for  interstage  coupling  to  provide  adequate  impedance 
transformation.  Transformers  are  inherently  frequency-sensitive;  ss  evidenced  by  various 
reactive  elements  in  their  equivalent  circuit.  It  is  the  object  of  this  discussion  to  show  how 
these  reactive  elements  can  he  controlled  and  used  to  obtain  wideband  amplifiers  that  are  rela¬ 
tively  insensitive  to  variations  in  the  transistor  parameters, 


*J.L.  Allen,  eta],,  "Phased  Array  Radar  Studies,  1  July  1960  to  1  July  1 961  Technical  Report  No.  236  (U]  , 
Lincoln  Laboratory,  M.  I. T.  (13  November  1961),  ASTIA  271724,  H-474. 


79 


,riiWwwBiiwiii^wiBriiiri  iff  jy 


B.  BASIC  TRANSFORMER  REQUIREMENTS  FOR  GOOD  FREQUENCY  RESPONSE 

The  transistor  used  has  a  current  transfer  function  that  ts  fairly  constant  for  all  frequencies 
of  interest,  Therefore,  one  can  assume  that  the  stage  gain  for  all  frequencies  in  the  pass  band 
depends  mainly  on  the  parameters  of  the  transformer,  Thus,  the  transistor  is  represented  as  a 
fixed  current  source,  but  with  frequency-sensitive  input  and  output  Impedances, 

*»1%v  ' 

The  equivalent  circuit  of  a  typical  stage  of  the  amplifier  is  presented  in  Fig,  2-55,  where 
CT  <3.5  pf)  is  the  total  oapactt.ance,  It  is  composed  ofi  '< i)  the  collector’s  depletion  layer  capac-  /  ]| 
ttanoe,  (2)  the  effective  capacity  due  to  the  transformer  [expressed  in  Eq.  (1)  belowl  and 
(3)  the  stray  capacitance  to  ground.  In  Fig,  2-55,  Rj  U  a  swamping  resistor  used  to  lower  the  » 

Q  of  the  circuit;  _K_L,p  (6ph)  and  KLa  (0,45  ph)  are  the  effective  primary  and  a^jondaj"y  solfjn-^ _ 


ductances  while  Li  „  and  Li,_  are  leakage  inductances;  M  (1,3  ph)  is  the  mutual  inductance; 

P  .  “  , 

Re  (22  ohms)  and  10,036 ph)  are  the  series-equivalent  input  impedance  of  thei  transistor,  and' 
Cg  is  the  emitter  bypass  bapaoltor.  Since  Is  not  a  good  bypass  for  all  frequencies  lit  the 
’pass  band,  one  must  also  Include  it  In  the  equivalent  circuit.  It  is  obvious  that  the  elements  of 
the  transformer  will  be  the  major  faatorts  that  determine  the  frequency  limits  of  the  amplifier, 
Therefore,  it  is  necessary  to  determine  what  can  be  done  to  control  the  transformer  param¬ 
eters  in  order  to  Improve  frequency  response, 

V  'J  u-ti-imi  .  •  • 


' Flfl.  2-55.  Equivalent  circuit  of  a  typical  itagi. 
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Low  mutual  and  stray  capacitance,  low  leakage  Inductance  and  high  values  of  self-inductances 
are  basic  requirement  for  uniform  wideband  response,  However,  it  la  impossible  to  satisfy  all 
these  conditions  at  the  same  time, 

The  mutual  capacitance  will  make  coupling  between  windings  frequency-dependent;  therefore 
it  is  undesirable,  although  it  can  not  be  eliminated  entirely,  Stray  and  transistor  capacitances 
are  significant  also,  The  total  capacitance  contributed  by  the  transformer  can  bo  calculated  by 
means  of  the  following  equation:*  , 


Cl  =  j\lCP 


+  (^BLEcn 


where  Cp  is  the  primary  winding  capacitance,  Np  and  Ng  are  the  primary  and  secondary  turns, 
respectively,  and  C&  is  the  capacitance  between  windings.  In  this  case,  because  the  secondary 
winding  has  very  few  turns,  the  distributed  capacitance  is  very  small  and  can  be  neglected, 

Equation  (1)  shows  that  is  minimum  when  the  sign  is  negative.  The  negative  sign  is  ob¬ 
tained  when  both  primary  and  secondary  windings  are  wound  with  the  same  angular  rotation. 

*R.  Lee,  Electronic  Transformers  and  Circuits,  2nd  Ed.  (Wiley,  New  York,  1955),  pp.  219-220. 
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Typical  values  of  obtained  for  a  transformer  with  turns  ratio  22:5  are  2,4pf  for  a  negative 
sign  in  Eq.  (1)  and  6pf  for  a  positive  sign,  The  difference  is  indeed  small,  but  it  can  be  shown  in 
practice  that  using  the  proper  polarity  extends  the  high  frequency  by  several  megacycles.  The 
effect  of  this  capacitance  is  even  more  significant  if  one  proposes  to  build  a  wideband  amplifier 
centered  at  a  higher  frequency  than  that  ooneidered  st  present, 

The  next  most  Important  and  someWhat  controllable  element  la  the  leakage  Inductance,  which 
ts,  by  definition,  that  portion  of  the  primary  flux  that  does  pot  link  the  secondary  winding,  This 
inductance  resonates  with  the  total  apparent  capacitance  C(  and  determines  the  high-frequency 
boundary  of  the  amplifier.  The  value  of  the  leakage  inductance  can  be  made  small  by  using  a  , 
toroidal  core. 


'  The  lorolds  used  for  these  new  transformers  are  i/4  inch  o.d,  and  are  of  the  same  Q-2 
material  used  in  the  earlier  type  of  amplifier*  The  experimental  curves  of  Fig.  2-56  show  the 
relationship  of  leakage  lnduotsnde  to  turns  ratio  for  these  new  transformers.  It  follows  from 
Fig,  2-56  that  a  t:i  turns  ratio  would  be  optimum  for  obtaining  a  minimum  leakage  Inductance. 
However,  bocause  wo  are  Interested  In  obtaining  a  convenient  interstage  impedance  transfor¬ 
mation,  we  must  exchange  turns  ratto  for  leakage  inductance.  Figure  2-56  could  bo  used  es  a 
guide  for  this  purpose, 

Finally,  we  consider  the  mutual  Inductance,  which  la  defined  in  the  following  expression: 

M  =  KjLL-  ,  (2) 

»■ 

where  K  Is  the  coefficient  of  coupling  and  L-  and  L  are  the  primary  and  secondary  self- 

P  B  . 

inductance,  respectively.  A  high  value  of  M  la  necessary  to  obtain  gain  at  low  frequencies,  but 
because  K  »  1,  M  and  a  glance  at  Figs.  2-56  and  2-5?  suggests  some  frequency  limita¬ 

tions  Imposed  by  this  expression.  Figure  2-56  shows  that  leakage  inductance  increases  as 
and  L  Increase,  oven  when  their  turns  ratio  is  constant,  and  Fig!  2-57  shows  values  of  mutual 
inductance  that  can  be  realized  as  a  function  of  turns  ratio.  It  can  be  concluded,  therefore,  that 
making  M  very  large  will  negate  the  high-frequency  response.  ITence,  the  values  of  M  as  well 
as  those  of  T,  ,  L  and  N  /Na  must  represent  the  optimum  compromise  for  best  gain-bandwidth 

p  s  p  = 

product. 


*  See  TR-236,  Part  2,  Ch.  V. 
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Thus  far  we  have  considered  ihe  high-frequency  limits,  find  graphs  have  been  plotted  that 
could  ho  used  ns  a  guide  to  optimization.  Wo  shall  now  look  at  the  low-frequency  limits.  Be¬ 
cause  the  primary  impedance  ia  low,  a  large  current  pulse  can  be  put  through  the  primary  wind¬ 
ing  of  the  transformer,  This  has  the  effect  of  permanently!  raising  the  incremental  permeability, 
hence  increasing  the  incremental  inductance.  When  a  current  pulse  is  sent  through  the  winding 
of  the. transformer,  it  hrtiig&.thamagnettc  state  of  the  oore  -to  a  new  polnt-on-the  hysteresis  loop,-— 
At  this  point,  a  minor  hysteresis  loop  is  formed  for  the  Bmoll  AG  signal  current,  its  slope  la 
steeper  than  that  whtoh  determined  the  initial  permeability  condition.  Consequently,  the  incre¬ 
mental  permeahillty  has  been  increased,  resulting  in  a  greater  inductance  fop  a  fixed  number  of 
turns.  This  helps  increase  the  gain  at  low  frequencies,  but  it  lias  the  effect  of  slightly  increasing 
the  loss  at  high  frequencies.  Figure  2-58  shows  the  values  of  primary  inductance  hefore  and 
-after  a  current-impulse  ia-put  through-the-oorei — In-practloe— one’oampre«et~tlT9T5are~by'brUsbing~‘ 
both  ends  of  the  primary  leads  against  the  terminals  of  a  22,5-volt  battery  without  regard  to  po¬ 
larity.  The  loss  of  the, core  is  increased,  but  this  Is  not  a  disadvantage  because  it  lowers  the  Q 
of  the  coll,  In  fact,  it  helps  reduce  the  peaking  due  to  transformer  resonance.  Figure  2-59  shows 
the  value  of  M  (the  coupling  Inductance)  both  before  and  after  the  application  of  the  current  im¬ 
pulse.  It  can  be  ueen  that  M  is  larger  for  the  latter  case.  The  related  leakage  inductance  has 
remained  unchanged  for  almost  all  conditions  in  this  figure.  We  have  found  that  thsae  core*1  j 
will  remain  in  this  new  atste  for  long  periods  of  tlmo,  Several  transformers  have  been  measured 
before  and  after  saturation.  The  inductance  of  thOBe  same  transformers  was  measured  again  a 
year  later  and  lb Wab  fdund  to  be  unchanged. 

Just  as  the  leakage  inductance  and  the  total  primary  capacitance  determine  the  high-frequency 
limits,  CB  (the  emitter  bypass  capacitor)  can  he  chosen  to  resonate  with  I,  (the  secondary  induc¬ 
tance  of  the  tranaformor)  and  the  input  reactance  of  the  tbanaistor  to  determine  the  low-frequenoy 


PRIMARY  TURNS 

Fig.  2-59.  Values  of  M  (the  coupling  inductance)  before 
and  after  the  application  of  the  current  pulse, 


boundary.  For  (he  values  chosen  here,  is  approximately  200 pf  anti  It  resonates  with  KLft 
and  Ijj  at  about  17  Mops,  The  Q  ot  this  circuit  Is  very  low.  Therefore,  there  will  wot  he  a 
severe  peaking  duo  to  Its  resonance,  £ 

C,  ANALYSIS  OF  A  TYPICAL  STAGE 

The  basic  equivalent  circuit  for  one  stilge  ot  this  wideband,  transformer-coupled  amplifier 
ts  depleted  in  Ftg,  2-55,  With  the  eld  of  moat  of  the  Information  presented  In  the  preceding 
curves,  the  turns  of  this  transformer  have  been  chosfth  as  22  turns  for  the  primary  and  5  turns 
for  the  secondary.  Since  the  coupling  of  the  primary  and  secondary  windings  Is  almost  unity, 
the  circuit  shown  In  Fig.  2-55  can  be  represented  accurately  by  then  equivalent  circuit  of  Fig,  2-60 
for  whtoh-t'he-sqlution-to-mesh-squaUons-haH. been  arrived  at  by  use  of  a  flow  graph.'1'  Figure  2-61 
la  the  flow-graph  equivalent  of  ihe  preceding  circuit,  and  the  current  transfer  function  derived 
,  from  the  above  flow  graph  Is  J-  „ 


From  Eq.  (3)  one  can  see  how  mutual  inductance  M,  leakage  Inductances  1^  and  Lq^  and, the 
total  ctrouit  oapnoitanoe  CT  affect  the  olrcult  current  gain  at  various  fre^wiwW-ju. 

Equation  (3)  was  programmed  on  the  IBM  .70.90  oomputer  with  . the. typical  circuit  values  men¬ 
tioned  earlier.  The  computed  plot  of  gain  vs  frequency  is  depicted  In  Fig.  2-62,  This  figure 
shows  tho  single -staga  gain  to  be  about  12  dh  while  the  frequenoy  bandpass  extonds  from  10  to 
ItOMopS  (3-db  polnta).  "  jj  . 

The  phase  ve  frequency  characteristic  of  the  typloal  amplifier  stage  was  also  oomputed  and^ 
is  depicted  in  Fig.  2-63,  which  shows  olearly  that  tho  amplifier  haB  a  linear  phase  vs  frequenoy 
characteristic  that  makes  It  desirable  for  phased  array  applications.  Figure  2-64  shows  the 
bandpass  obtained  with  a  6-stage  umplifter,  Tho  3-db  points  are  17  and  80 Mops.  The  high- 
frequency  limit  for  this  type  of  amplifier  could  be  extended  to  over  100  Mops,  but  In  that  range 
the  amplifier  becomes  sensitive  to  variations  in  individual  transistors. 

D.  PRACTICAL  AMPLIFIERS 

Printed  board  circuits  arc  used  to  facilitate  wiring  and  to  cor.trol  stray  capacitance.  Am¬ 
plifiers  can  be  built  to  provide  gain  from  30  lo  66 db  and  more.  Figure  2-65  shows  the. 
circuit  of  a  3-stage  amplifier  thal  lias  a  gain  of  30  db.  If  more  gain  is  desired,  several  more 
Intermediate  stages  can  be  added  following  the  first  stage,  as  shown  In  Fig.  2-66,  The  input 
stage  is  arranged  to  provide  a  50-ohm  Impedance  over  a  wide  band  of  frequencies,  accomplished 
at  the  expense  of  noise  figure.  Actually,  n  33-ohm  resistor  is  placed  in  series  with  the  input  of 
the  amplifier  and  becomes  an  integral  pnrt  of  input  impedance,  Tho  output  stage  impedance 
averages  50  ohms  throughout  the  frequency  range  of  interest.  The  transistor  used  throughout 
is  ths  2N50Z,  chosen  for  its  high-frequency  alpha  cutoff  and  relatively  low  cost.  Because  of  the 
low  power  dissipation  rating  of  the  2N502,  the  maximum  undiatorted  voltage  that  can  be  delivered 
to  n  so-olim  load  la  0.4  volt  peak,  However,  a  Western  Electric  1195  can  bo  used  as  the  output 
stage  to  obtain  linear  gain  for  output  voltages  up  to  2  volts  peak  to  peak. 

*5.  J.  Mason,  "Feedback  Theory;  Some  Properties  of  Signal  Flow  Graphs"  Proc,  IRE  41,  1144  (1953). 
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The  biasing  current  is  Approximately  3ma  for  all  stages  except  where  a  Western  Elec¬ 
tric  H95:iis  used  (*9nta).  This  biasing  current  is  allowed  to  flow  through  the  transformer. 
However,  beohuao  these  cores  have  been  preset,  the  presence  of  this  steady-state  current  will 
no  longer  affect  the  cores,  This  is  an  important  advantage,  because  it  presents  changes  of 
salC-lnduotanoe  and,  consequently,  It  helps  stabilize  the  gain  of  the  amplifier!  whloh  aan  be  af¬ 
fected  by  changes  in  the  bias  current.  However,  for  a  constant  supply  voltage,  the  bias  ourrent 
ts  almost  entirely  a  function  of  the  external  emitter  resistor  (i.6  kilohms).  Therefore,  we  aan 
conclude  that  the  amplifier , gain  is  not  sensitive  to  the  transistor's  emitter-base  parameter  varia¬ 
tions  due  to  aging  except  for  changes  in  alpha.  ..  I,  ® 

The  collector  supply  voltage  is  10  volts  and  cap  be  varied  ±15  percent  witholit  altering  the 
gain  or  the  bandwidth  of  the  amplifier.  If  it  should  rise  to  n  value  greater  than  10  volts,  the  only 
effect  would  be  to  increase  the  dissipation  of  the  collector,  If  the  supply  voltage  should,  on  the 
other  hand,  become  smaller  than  B  volts,  the  depletion  layer  capacitance.' of  the  oollector  will  in¬ 
crease  as  a  function  ibf  the  decreasing  collector  voltage,  and  the  high-frequency  gain  will  decrease. 

In  general,  this  type,of  amplifier  performs  very  well  and  it  Is  very-stable  oven  under  the  in-1 
fluenbe  of.largSi  temperature  variations,  A  6-stage  amplifier,  for  example,  was  enclosed  in  an 
oven  where  the  temperature  was  changed  from  nmblent  to  60"C.  A  gain  change  of  approximately 
0.5  db  was  detected  for  this  temperature  change  of  over  30*C. 

Because  this  amplifier  uses  ferramlc  cores,  its  characteristics  were  scrutinized  when  it 
was  working  in  the  magnetic  leakage  fields  of  an  unshielded  circulator  but  were  found  to  be  un¬ 
affected. 

Some  of  the  other  properties  of  this  amplifier  can  be  brieriy  summarized  with  the  presen¬ 
tation  of  a  series  of  photographs.  Figure  2-67,  for  example,  shows  the  test  pulse  (0,150  nsec 
long)  used  to  evaluate  the  amplifier,  Figure  2-68  is  the  same  pulse  shown  in  Fig.  2-67  except 
that  it  was  taken  from  the  output  of  the  amplifier  after  a  66-db  pad  was  placed  at  its  input.  There 
is  no  evidence  of  distortion  in  this  output  pulse..  Figure  2-69  shown  the  overload  condition  of  the 
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Fig,  2-47.  till  pull*  v»*d  to  evaluate  th* 
amplifier,  Th*  calibration  li  0.4  v/cm  ahd 
0. 05  |iM$/etrij  fB  =  50  Mcpi, 


ii  .  - 

Flg<  2-48,  Th*  puli*  taken  from  th*  output  of 
II  th*  arr.pl If l«r  after  th*  puli*  ihown  In  Fig,  2-47 
and  44  db  of  padding  hav*  b**n  connected  at 
th*  Input, 


(s 


*  .  S  v\\/.  V-A\A.\,W\ft;v..*.  \  *  \  •  ' 

1  ■  rr— :t . 


Fig,  2-49,  Thr  pult*  tak*n  from  th*  output  of  th* 
amplifier  after  the  condltloni  deicrlbed  for  Fig.  2-48 
hdv*  bun  changed  by  the  removal  of  a  20-db  pad. 
The  time  bate  hoi  been  extended  to  Include  the  ef¬ 
fect!  of  initial  and  iteady-itate  condition!.  The  Cal¬ 
ibration  It  1  v/em  and  0. 1  uiec/cm. 
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amplifier. fop  a  pulse  0,3psec  long.  Two  points  are  worth  noticing:  the  short  duration  of  the  Ini¬ 
tial  transient  and  the  fact  that  the  amplifier  completely  recovered  from  a  20-db  overload  within 
30 nsec,  The  transient  response  ta  emphasized  even  more  In  Pig.  2-70,  which  represents  the 
response  to  an  Impulse,  The  carrier  frequency  used  In  all  the  preceding  photographs  is  50Mcps. 

The  necessity  of  using  a  small  emitter  bypass  capacitor  to  improve  the  low -frequency  galn^ 
was  pointed  oul  earlier,  it  should  he  apparehrthai  by  using  such  a  small-value  capacitor  we  ■ 
have  improved  the  recovery  time  under  overload  conditions,  -  Figure  2-71  depicts  the  reaponae 
to  a  i.5-psoc  pulse,  and  Pig,  2-72  Is  the  overload  condition  for  the  same  3.5-peec  pulse.  The 
latter  pictures  show  clearly  the  duration  of  tho  Initial  transient -and  the  recovery  time  of  the 
amplifier,  This  type  of  amplifier  finds  diversified  uses  In  the  laboratory,  Figure  2-73. shows 
this  amplifier,  whtoh  also  has' been  used,  successfully,  as  a  wideband  awltch  by. gatSng  thft  blfia  . 
voltage  (see  Part  2,  Ch,  Vt).  '  »  -• 


1!  Fig.  2-71.  Reproduction  of  a  3.  d-ptec  pu  lie.  The  Fig,  2-72,  The  pulie  ihown  In  Fig.  2-71  after  the 
calibration  It  0. 4  v/em  and  0.  5p»o/cm.  amplifier  hai  been  iub|ected  to  overload  condi¬ 

tion!.  The  calibration  li  1  v/amand  0. 5  piec/cm. 


Fig.  2-73.  Slx-itage  wideband  IF  amplifier  (open  view). 
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This'  chapter  describes  all  the  components  of  the  receiving  system  being  Installed in  the- 
16-element  test  tjt'ray.  The  receiving  system  consists  of  a  passive  multiple  beam-forming 
matrix,  a  multiposition  switch,  two  solid  state  Receivers  and  interbeam  Interpolation  circuitry, 
Bach  of  these  components,  as  well  as  the  available  lest  results,  Ib  described  In  detail. 


A.  INTRODUCTION  ,  M  “  '  \|  '  '  W.P.  Delaney 


A  I6"-eIefheht  phased  array  receiving  aystemlhut  uses "an"RF  beam-forming  matrix,  a  diode 
beam-selection  matrix  and  a  monopulse  Interpolation  unit  Is  hieing  Implemented  In  the  llhear  array 
teat  facility.  The  purpose  of  this  system  Is  to  demonstrate  time-sharing  of  multiple  receiver 
beams  and  to  study  techniques  for- enhancing  the  angular  accuracy  of  fixed-position  multiple -beam 

systems.  '  ..  ,m  "  l:" 


Fig.  2-74,  Block  diagram  of  rscslvsr. 

..  I' 


Figure  2-74  shows  a  block  diagram  of  the  system,  A  signal  received  by  the  16-olement 
dipole  array  passes  through  a  solid  state  riuplexer  (see,  Part  2,  Ch.I)  Into  the  RF  beam-forming 
matrix,’ *  The  matrix  simultaneously  forms  io  antenna  beams  that  are  fixed  in  angular  position, 
The  diode  beam-selection  matrix  selects  two  adjacent  beams  at  the  command  of  Ihe  digital  control 
unit  and  delivers  those  beams  through  two  solid  state  receiver  chains  to  the  monopuise  interpola¬ 
tion  unit,  The  diode  matrix  is  described  in  Sec.  B  of  this  chapter;  the  receiver  chains  are  de¬ 
scribed  In  Sec.C;  ihe  monopulse  unit  Is  described  In  Sec.D.  The  digital  control  unit  was  de¬ 
scribed  in  an  earlier  report, t 


*  J.  L.  Allen,  at  d.,  "Phased  Array  Radar  Studies,  1  July  1960  to  I  July  1961 Technical  Report  No.  236  |U), 
Lincoln  Laboratory,  M.  i.  T.  (13  November  1961),  pp.  19-53,  ASTIA  271724,  H-474. 

TJ.L.  Allen,  etal,,  "Phased  Array  Radar  Studies,  1  July  1959  to  1  July  1960,"  Technical  Report  No.  228  [ U] , 
Lincoln  Laboratory,  M.  I.  T.  (12  August  1960),  pp.  121-134,  ASTIA  249470,  H-335. 
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The  receiving  system  will  operate  a!  a  center  frequency  of  900  Mops  with  a  bandwidth  of 
Mops,  The  basic  antenna  beams  are  6°  wide  in  the  horizontal  plane  aa  a  result  of  the  linear 
array  and  A *  wide  tn  the  v-rtieal  nlnnr  —  "  rede1*  r-r  : ---  .—rrh-tt-  »>onerfo«  sv.rfnrn  The  morio- 
pulse  sum  beam  is  formed  Dy  adding  two  adjacent  beams.  This  results  lifa  9*  x  6*  heamwidtH 
and  theoretical  first  aldeiohea  of  -43  <jh,  Tho  15  rooeiyer  tteams.ooyor  a.  *15 ‘.  angular  sector 
around  broadside. 

At  present,  most  of  the  piece  parts  of  the  receiver  system  are  either  finished  or  undergoing 
final  bench  testing.  It  ie  expected  that  the  over-all  system  noise  temperature  will  be  obcut  HQO1  k. 
This  relatively  high  noise  temperature  la  due  to  3.3  db  of  RF  loss  preceding' the.:  reefliver  phaunals , 
which  have  a  5-db  noise  figure,  ..The  beam-forming  matrix  has  a  i,t-db  insertion  loss,  and  the 

-dtode-swttoh-matrlx  has-a-076-dh-tnsertion-lois-i — The  remainlng-l.fa-db  ioSB  le  due-tCi-inter-  .- - 

oonnedtlng  oables,  Long  puna  of  flexible  cable  are  uaed  so  that, the  receiver  hardware  pan  be 

placed  in  an  easily  accessible  location  in  t'lie  teat  facility,  . 

The  monopuiae  interpolation  circuitry  should  provide  an  apgular  acouracy  of  *0,3*  for  high 
signal-to-noiss  ratios. 


...... :;._W-',.E,  Delaney _ ,  _ 


B.  RF  BEAM- FORMING  AND  BEAM-SELECTION  SYSTEM .  . 

1,  Beam-Selection  Matrix  .  i 

The  beam-aeiection  matrix  is  a  16-input,  2-output  digitally  controlled  microwave  ewltqh. 
The  basic  building  blocks  of  tho  matrix  are  single-pole,  4-positlon  switches  and  single-pole, 
2-position  switches,  Figure  2-75  shows  how  thepe  basic  switches  are  arranged  to  permit  the 
switching  or  two  adjacent  antenna  beams  to  the  two  output  terminals, 

Figure  2-76  shows  a  schematic  diagram  of  the  4-pole  switch,*  The  switch  Is  fabrioated  in 
TellOn  3A*  strip  transmission  line  using  a  1/4-inch  ground  piano  spacing.  The  varactor  diode 

iMHliTI 


Fig.  2-77.  Detail  of  diode  mounting  and  tuning  (tide  view  of  atrip  transmission  line). 

(MA4256)  Is  located  a  quarter-wavelength  back  from  the  input  line  on  a  50-ohm  stub.  The  diode 
la  shunted  across  the  line,  and  the  bias  1b  brought  in  by  a  screw  terminal  that  contacts  the  top 
of  the  diode  pill  package  (sec  Fig.  2-77).  The  bias  contact  screw  and  lead  are  bypassed  at  RF 
frequencies  by  a  burium-titanate  disk  capacitor. 

When  the  diode  is  forward -biased  (3-ma  forward  current)  it  appearB  as  a  low  resiatance  of 
about  i  ohm.  This  very  low  resistance  appears  ub  a  very  high  resistance  at  the  junction  of  the 
stub  line  and  the  main  line  (junction  A,  Fig,  z-76),  and  energy  Is  readily  transmitted  past  this 


*The  2-pole  switch  used  in  the  beam-selection  matrix  is  similar  to  the  4-pole  switch. 
tThe  characteristics  of  this  material  are  discussed  In  TR-236,  pp.  57-60. 
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Fig.  i-78.  Fout-pol#  switch 


TABLE  2-V 

AVERAGE  CHARACTERISTICS  OF  4-POLE  SWITCHES 
(Ayntage  of  Four  Unit.) 

Frequency 

insertion 

Isolation 

(Me  pi) 

Loll  (db) 

(db) 

VSWR 

880 

0.  60 

22 

1 . 35  tl 

890 

0.35 

29 

1. 2:1 

900* 

0. 30 

41 

1.06.1 

910 

0.  35 

27 

1. 16. i 

920 

0. 50 

21 

1.3:1 

Design  frequency. 


junction  to  junction  B,  where  the  throe  other  input  lines  and  the  output jline  meet,  If  the  other 
three  input  lines  present  open  circuits  at  junction  R,  the  energy  will  pass  to  the  output  port. 

Three  open  circuits  are  presented  at  junction  H  by  revhrse-hiasing  the  respective  diodes  at 
-4  volts.  The  capacity  of  the  diotle  at  this  bias  is  about  1  ,5  pf.  The  combination  of  the  inductive 
short  and  the  tuning  capacitor  (Fig,  2-77)  is  used  to  tune  out  this  capacity  and  thus  present  an 
open  cirouit  at  the  diode.  This  open  circuit  reflects  as  a  short  at  junction  A  and  as  an  opeivat 
junction  B.  ;  gf' 

The'  major  problem  encountered  with  switches  of  this  kind  was  achieving  a  reliable  mechani¬ 
cal  arrangement  for  biasing  the  diodes.  The  typass  capacitors  Sre  brittle  ami  w til  fracture, (f 
too  much  pressure  Is  applied  by  the  brass  disk,  Also,  the  Input  VSWR  to  the  dw  itch  >*  XMMtttv*'- 
to  the  preasur-e-aoulled-lo-the-dlode-bv  the  bias  contact  screw.  It  Wall  found  that  a  Dupont  H-ftlm 
disk  mad,e  a  more  reliable  bypass  capacitor  than  the  barium-tltanate  dlBk,  The  switches,  are 
currently  being  refitted  with  the  H-fllm  disks,  An  tnternal  biasing  technique  that  eliminates 
many  of  these  problems  la  discusaed  In  Part  2,  Ch.ll, 

2.  Experiments  Results  on  Individual  Switches 

Four  "4-ptsle  switches  were  fabricated  for  the  beam-selection  matrix,— Flgure-2-7B  «howa__ 
on®  of  the  switches,  and  Table  2-V  summarizes  the  average  characteristics  of  the  four  awitijhes, 
At  the  design  frequency  of  900  Mops,  the  ^metrical  characteristics  are  very  satisfactory,  The 
isolation  changes  most  rapidly  with  frequency  because  It  depends  on  the  transforming  property 
of,  two  quarieriwavelength  lines. 

A  900-Mcps  measurement  was  also  made  to  determine  the  phase  errors  between  the  four  . 
transmission  channels  In  each  switch.  One  channel  waa  used  as  reference,  and  the  magnitude 
of  the  phase  ahift  between  that  c'  snnel  and  the  other  three  channels  was  measured.  The  magni¬ 
tude  of  the  phase  errors  averages  i.9'  for  the  four  switches;  the  worst  phase  error  was  5.5'  in 
one  channel  of  one  switch.  ,,  y’l  , 

The  2-pole  switches  had  characteristics  as  good  as  or  better  than  the  4-pole  Switches.  In¬ 
sertion  loss  was  0,2  to  O.Jdb  across  the  880-  to  920-Mcps  frequency  range.  Isolation  was  43 db 
at  900  Mcps  and  decreased  to  20  db  at  880  and  920  Mops.  VSWR'lj)  were  from  lean  than  1 .17  to  1 
over  this  frequency  range,  and  the  phase  errors  at  900McpB  wer\t  less  than  1', 

The  owitches  have  a  turn-on  time  of  less  than  1  usee  and  a  turn-off  time  of  about  50  pace, 

The  long  turn-off  time  is  due  to  the  large  capacitance  (0.015  pcf)  of  the  RF  bypass  capacitor,  which 
hnB  a  discharging  time  constant  of  15psec,  The  UBe  of  the  DuPont  H-ftlm  bypass  capacitor  should 
reduce  the  turn-off  tinrte  to  less  'than  l  psee. 

3.  Test  Results  on  the  Combined  RF  Beam- Forming  and  Diode 
Beam-Selection  Matrices 

The  beam-selection  matrix  was  connected  to  the  beam-forming  matrix  with  RG-9  cables 
(Fig.  2-79).  The  interconnecting  cables  also  served  as  phase-compensating*  line  lengths  for 
the  RF  matrix.  The  entire  unit  was  tested  with  a  16-elcment  linear  array  of  dipoles. 

In  general,  the  antenna  patterns  taken  had  higher  sidelobes  than  patterns  taken  on  the  RF 
matrix  alone.  These  higher  sidelobes  are  due  to  the  open  circuits  placed  at  the  beam  outputs 

*  For  o  discussion  of  the  problem  of  phose-compensoting  RF  beom-forming  matrices,  see  W.  P,  Deloney,  "An  RF 
Multiple  Beam  Forming  Technique,"  41G-00I2  |U),  Lincoln  Laboratory,  M.  I.T.  (9  August  1961),  ASTIA  262017, 
H-334. 


i — - : - ^  Rg.  2-79- 1  keam-isleeHon  matrix  and  b*um-formlna  matrix.  - 

at  the  beam-forming  matrix  by  theheam-seioctibr,  matrix.  Two  of  the  16  beam*  of  the  beam- 

forming  .matrix  are  transmitted-  through  the  selection  matrix  by-the  forward  blanlngofcertain . 

switch  diode*.  The  remaining  14  beam*  aee  open  circuity  because  their  respective  switches  are 
tn  the  "off"  condition,'  Thus,  energy  received  on  (hose  "off"  beam*  1*  reflected  back  through  the 
beam-forming  matrix  and  i*  reradialed.  During  the  "return  trip"  back  through  the  matrix,  this 
energy  ha*  several  opportunities  to  couple  to  the  two  "on"  beams  because  of  the  finite  directivity 
of  the  directional  coupler*  ir.  the  matrix.  Any  energy  coupled  from  an  "off"  beam  to  an  "on" 
beam  will  tend  to  rniao  the  response  of  the  "on"  beam  tri'the  vicinity  of  the  "off"  beam.  A*  an 
example,  if  beam  4  right  of  the  matrix  is  an  "on"  beam,  it  is  transmitted  through  the  diode  switch. 
Consider  that  beam  5  left  is  an  "off"  beam,  It  was  shown  in  an  earlier  report*  that  the  Isolation 
between  beams  4  right  and  5  left  for  this  matrix  haa  a  low  value  [1$dhj,  Thus,  when  looking  al 
an  antenna  pattern  of  beam  4  right,  we  can  expect  a  high  sidelobe  of  about  15db  to  appear  in  the 
vicinity  of  beam  5  right,  Figure  2-80  shows  such  an  antenna  pattern. on  hgs.m  4  right.  The  high 
sidelobe  (-14'db)  to  the  left  of  the  main  beam  occurs  at  an  angle  of  29°  frism  broadside,  which  is 
the  position  of  beam  5  left,  In  Fig.  2-81  all  the  beam  terminals  of  the  matrix  except  4  right  were 
terminated  In  matched  loads  and  the  nntenna  pattern  of  4  right  was  token  again.  Note  the  absence 
of  the  high  sidelobe  due  to  5  left  and  the  over-all  reduction  in  sidelobes  due  to  the  matched  termi¬ 
nations  on  all  beam  ports,  It  should  be  noted  that  the  above  example  used  the  lowest  measured 
vulue  of  Isolation  between  any  two  beams.  The  nverngo  Isolation  between  beams  la  28  db;  thus, 
this  effect  is  not  as  severe  on  other  beams,  The  measured  patterns  showed  increases  in  side¬ 
lobe  levels  that  averaged  1  to  3db  for  far-out  sidelobes.  The  near-in  sidelobes  were  not  affected 
very  much.  This  problem  of  coupling  from  the  "oil"  beams  can  be  reduced  by  Increasing  the 
directivity  of  the  couplers  in  the  beam-forming  matrix  (especially  those  couplers  at  the  beam- 
terminal  end)  or  by  using  a  more  complex  microwave  switch  which  absorbs  energy  at  a  50-ohm 
impedance  level  in  its  "oft"  position. 
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Figure  2-82  allows  the  I'natii  lobes  of  nil  lb  beams  formed  hy  the  boum-forming  matrix  and 
selected  by  the  beam-selection  matrix.  Beam  peaks  occurred  cluae  to  the  theoretical  positions, 
with  n  worst-case  error  of  2"  In  beam  7  right,  The  sum  beams  (formed  by  adding  adjacent 
antenna  beams)  have  occasional  high  sidelobes  (16  to  18  db  down)  as  a  result  of  the  previously 
mentioned  effect  of  mismatches  at  the  beam  terminals,.  These  spurious  sidelobes  are  much 
'  more  noticeable  in  the  sum  beam  because  the  theoretical  sidelobes  for  these  beams  ape  much 
lower  than  those  of  the  component  beams.  The  difference  beams  generally  had  shallow  nulls  (13 
to  20  db)  because  of  the  phase  errors  in  the  matrix-compensating  cables  and  the  diode  switches 
and  because  of  the  energy  koupled  from  other  beams. 

These  results  are  certainly  not  representative  of  the  best  one  cah  expect  to  achieve  with  a 

_ _ beam-forming  matrix  followed  by  a  diode  taeam-Seleoiion  matrix,  By  careful  design,  it  is  rea- 

sonahle  to  expect  30  db  of  minimum  isolation  between  beam  terminals  on  a  beam-forming  matrix,' 
thus,  the  spurious ■sidolohe  probiom  can  ba  minimised,  For  monopuiss  operation,  particular 
care  should  be  exercised  to  achieve  very  small  phase  errors  In  the. diode  switching  networks. 

C.  SOLID  STATE  RECEIVERS  .1  j  -  -  w,J,  lifts' Ji" 

An,  all-solid-state  receiver  is  shown  in  Fig.  2-83,)  It  oonslsts-of-a  limiter-, -tunnel  diode 
amplifier,  mixer  and  IF  amplifier,  The  limiter  was  designed  by  D,.  Temme  and  is  similar  In 
construction  to  the  diode  switch  described  in  Part  2,  Ch.  Iy  but  is  operated  with  aero  bias,  The 
limiter  provides  20 db  of  minimum  isolation  and  has  an  insertion  loee  of  0,2db  at  small-signal 
l|  levels.  The  corresponding  VSWR  is  1,1.  The  limiter  can  withstand  several  watts  of  average 

power  and  can  withstand  peak  powers  far  in  excess  of  the  leakage  anticipated  for  the  tunnel  diode. 

The  tunnel  dloile  amplifier  has  already  been  described. in  detail  (Part  2,  Cii,  II).  Each 
amplifier  is  biased  to  provide  18db  of  gain;  the  measured  noise  figure  was  4,3 db.  The  3-db 
bandwidth  is  35 Mops,  ,  , 

A  flqge  Laboratories  balanced  mixer  performs  signal  frequency  conversion  to  30  Mops  IF. 

A  transistorised  IF  amplifier  provides  29  db  of  gain.  The  IF  strip  was  supplied  by  J.  DIB;  -tolo, 
and  is  of  the  type  described  in  Pari  2,  Ch.  III. 

Two  of  these  receivers  will  be  UBed  in  the  phased  array  receiver,  . 

D.  INTERBEAM  INTERPOLATION  SYSTEM  H.  J.  Qreenberger 

1 .  Introduction 

The  output  of  a  lossless  beam-forming  matrix  like  that  described  in  Part  2,  Ch.I  is  a  num¬ 
ber  of  fixed  beams  in  space,  in  order  to  determine  the  angular  position  of  a  target  to  less  than 
a  beamwldth,  a  system  comparing  the  energy  in  two  adjacent  beams  is  used.  Because  of  its 
similarity  to  monopulse  tracking  systems,  this  system  has  been  called  a  monopulse  angular 
interpolator.  It  differs  from  the  conventional  monopulse  tracker,  being  an  open-loop  system  in 
which  the  magnitude  of  the  output  is  proportional  to  the  ungle  from  a  line  midway  between  the 
two  beams  (see  Fig.  2-84).  The  output  is  unambiguous  (single-valued)  out  to  the  third  sidelobe; 
therefore,  it  can  be  used  for  deghosting  the  sidelobe  returns,  The  display  is  a  E-scan  of  four¬ 
teen  lines,  each  one  corresponding  to  a  transmitted  beam  position.  The  interpolator  output 
perturbs  the  scan  to  an  intermediate  position  coi responding  lo  the  azimuth  of  the  target  and 
brightens  the  trace  to  indicate  its  presence. 
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FIb*  2-84.  Output  of  16-sltmsnt  btom-formlnj  matrix. 

The  Interpolator  has  not  yet  been  integrated  into  the  receiving  array;  however,  preliminary 
measurements  "indicate  that  on  'Interpolator  accuracy  of  1/20  of  a  beamwtdth  over  a  50-dta  dynamic 
range  can  he  achieved.  i 

2.  System  Description  .  a 

The  output  of  the  beam-forming  matrix*  consists  of  It. beams  of  the  form 


separated  by  tr/n  radians,  where  ri  la  the  number  nf  elpmenia  ir.  array. 

The  angle  *  U  not  a  real-apaee  angle,  but  Is  related  to  a  real-space  angle  by 

-  __  it. 

♦  , 

where  a  a. angle  from  atvay  broadside, 

Figure  2-84  shows  booms  l  right  and  •!  left  with  the  aJisciBsa  calibrated  both  in  real  space 
and  in  V  space,  Portions  of  the  main  lobes  of  other  beams  are  also  shown, 

"  Two  adjacent  beams  A  and  B  can  be  represented  by 

a  _  stnn(¥  +  ir/2n) 

A  “  n  iln  W '+  tr/zrft 


n  3inn(»  -t/ 2n) 
n  sin  (¥  -  ir/2nj 

The  sum  and  difference  of  these  two  beams  are  particularly  useful,  since  there  is  no  ambi¬ 
guity  between  their  ratio  and  the  magnitude  of  the  angle  off  antenna  foresight  for  angles  up  to 
y  =  fr/2.  Taking  the  sum  and  difference  and  simplifying,  we  obtain 

A  -  n  -  A  -  -  fcos  n  sin  cos  ff/2n, 

~~  n  '  cos  2  4>  +  cos  ir/n 


fSee  Part  2,  Ch.  I;  also,  TR-236,  Port  2,  Ch.  I. 
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Nagativo  values  of  A„  B,  A  and  £  correspond  to  relative  r-eversals-of-phase, -If  phase - 

Information  is  destroyed,  as  in  a  video  detector,  only  the  absolute  magnitude  of  A,  B,  A  and 
£  tire  recovered.  In  this  system,  the  ratios  B/A  and  a/E  are  tftkdn  after  the  signal  has  been 
video-delected;  therefore,  •>  .  -  “ 


and 


TJieae  two  functions  are  skotohed  in  P‘ig.  Z-85,  Tharo  is  great  advantage  in  using  the'  A/E  ratio 
for  - interpolation" because  it  Is  symmetrical,  relatively  smooth;  has  a  zero  at  the  crossover  of 
the  two  beams,  and  the  poles  are  far  removed  from  the  main  lobes r  There  la  a  sense  ambiguity, 


howevjer^  since  Ihe  function  Is  even,  This  can  bo  removed  by  comparing  the  phase  of  A  wlih 
that  of  I,.  "  ..  . 


"lBhuSL 
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In  thla  system,  an  equivalent  method  was  used.  An  amplitude  comparison  circuit  was  used 
lo  determine  whether  |A|  >  1 13 1  or  [ B |  >  | A | .  From  Fig,  2-8  5  it  can  be  seen  lhat’.this  method 
gives  unambiguous  sense  information  to  =  ±45°,  All  target  returns  in  the  main  lobe  and  first 
throe  sldelobes  are  resolved  unambiguously. 

An  amplitude-comparison  sense  system  was  chosen  over  a  phase-comparison  system  pri¬ 
marily  because  of  the  availability  of  the  logarithmic  amplifiers,  A  phase-comparison  system 
requires  a  wldo-dynamlc-rango,  phase-stable  limiter  and  operates  at  a  low  signal -io-noisc 
ratio  for  angles  close  to  die  beam  crossovers.  The  equivalent  problem  in  the  amplitude- 
comparison  system  is  to  build  two  log  amplifiers  that  track  over  the  desired  dynamic  range. 

In  the  region  near  the  crossover,  dlA/lil/d*  is  approximately  6db/dogreo;  therefore,  in  order 
to  indicate  correct  sense  for  angles  greater  than  0.05  of  a  bcamwidth  (0.3°),  the  log  amplifiers 
should  track  within  ±1.8  db.  This  is  well  within  the  capabilities  of  these  amplifiers. 

A  functional  diagram  of  the  monopulsc  interpolator  is  shown  in  Fig.  2-86.  The  sum  and 
difference  is  taken  in  a  30-Mcps  hybrid  ring.  The  four  outputs  are  ihen  amplified  in  similar 
logarithmic  amplifiers.  Over  a  wide  dynamic  range,  the  incremental  output  of  those  amplifiers 


is  proportional  to  the  logarithm  of  the  incremental  input.  If  the  input  level  is  sufficiently  high, 
logarithmic  action  can  occur  oh  nolae,  and  the  output  ia  proportional  to  the  log  of  the  input  plus 
a  constant  term.  Division  is  effected  hy  subtracting  logarithms,  the  constant  term  disappearing 
in  tha.eyflsess, 

The  output  of  the  differential  amplifier  as  a  function  of  3’  is  shown  In  (a)  of  Fig,  <1-36,  By 
passing  the  signal  through  a  nonlinear  network,  the  output  amplitude  Is  made  a  linear  function  of 
angle  [(b)  of  Fig,  2 -86], .  A  DC  component  Is  added  to  mako  zero  amplitude  correspond  to  aero 
angle  ((c)  of  Fig,  2-86).  The  sense  ambiguity  is  removed  and  the  desired  linear  ay ateui  output  is 
shown  in  (d)  of  Fig.  2-86,  - 


Si  Test  Resultr 


The  over-all  system  was  tested  hy  simulating  the  signal  that  would  be  present  at  the  output  ■ 
of  the  IF  preamplifiers.  A  pulsed  30-Mcps  oscillator  was  used  as  a  signal  source,  and  the 
adjacent  beams  were  synthesized  by  using  a  power  divider  and  tyro  variable  attenuators  (Fig.  2-87) 
A  target  flying  through  the  beam  was  simulated  by  calculating  the  ratio  of  energy  In  adjacent 
beams  for  a  particular  angle  and  adjustlng  thc  attenuators  accordingly. 

The  test  results  on  two  targets  having  a  difference  In  cross  section  uf  50  db  ard:  shown  in 
Fig.  2-88,  An  interpolation  accuracy  of  ±5  percent  la  indicated.  -  For  this  series  of  teats,  the 
phaBO  and  amplitude  at  the  input  to  the  hybrid  were  balanced  to  give  the  best  null  iit  the  difference 
port.  .Since,  under  operating  conditions,  the  input  may  be  as  much  as  2'  to  3"  out  of  phase  and 
1  dli  In  amplitude,  the  accuracy  of  th«  system  will  bVleas  than_  that  of  the  Interpolator  alone. 

The  Interpolator  contains  nd  memory  devices  or  delays,  and  the  bandwidth  of  the  elements 
tn  the  system  Is  sufficiently  large  so  that  the  response  time  is  limited  by  the  matched  filter, 

The  filter  used  (Fig,  2-89)  approximates  a  matched  filter  with  a  hlgh-Cj,  undercoupled  resonant 
transformer  placed  at  the  Input  to  the  log  amplifiers,  This  location  was  chosen  because  suffi¬ 
cient  preamp llfioation  existed  so  that  the  following  wideband  circuitry  would  not  degrade  the 
noise  figure,  In  addition,  It  was  felt  that  the  flattening  effect  of  the  log  amplifier  on  the  matched 
pulse  facilitated  amplitude  measurements  at  video.  The  output  of  the  matched  filter  and  the  log 
amplifiers  to  a  10-psec  pulse  is  seen  In  Fig,  2-90, 

The  need  for  a  filter  with  a  monotonically  decreasing  pulse  response  is  apparent  from  the 
figure.  Any  slight  ringing  in  the  trailing  edge  would  appear  as  a  trailing  ghost  at  the  output  of 
the  log  amplifiers.  This  dictated  the  choice  of  the  undercoupled  resonant  transformer  as  a  filter 
element. 

Figure  2-91  illustrates  the  waveforms  at  four  points  in  the  system  for  targets  having  high 
slgnal-to-noise  ratios  and  located  at  the  beam  crossover.  The  upper  and  lower  traces  of  2-91  (a) 
show  the  output  of  the  log  amplifiers  and  indiente  a  Hum-to-diffcrenco  ratio  greater  than  30  db 
(that  of  the  hybrid  ring  alone).  IT  the  phase  and  amplitude  errors  of  the  rest  of  the  radar  are 
taken  into  account,  the  average  difference  null  will  probably  be  only  slightly  greater  than  20  db. 

To  Indicate  0°  for  these  nulls,  the  differential  amplifier  saturates  for  ratios  greater  than  22 db, 
This  can  be  seen  from  Fig,  2-91  (b).  After  the  zero  restoration,  the  signal  is  gated  by  the  thresh¬ 
old  detector  and  possibly  Inverted  by  the  sense  switch.  The  waveform  at  the  output  of  the  inter¬ 
polator  la  shown  in  Fig,  2-91(b)  (lower  trace). 
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(a)  Upper  trocei  output  of  lum'log  amplifier 
~  Lower  troces  output  oJ  difference  log  amplifier 


(b)  Upper  traiei  output  of  plsoowlie  linear  natwork' 

Lower  traoOi  output  of  ihteipolotor 
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fig,  2-92,  Slmulatad  lorgat  at  beam  paok,  high  S/N  (sealer  10(i«»o/am] 
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(a)  Tar  git  at  beam  crossover. 

(b)  Target  at  beam  peak. 


Fig.  2-93.  Interpolator  output  for  various  signal  levels  (difference  in  input  level  between  traces  -  lOdb) 


■  '■ft"  T  k«i  ■:  • :  K|  i  fPi^i||'^^IT^I'MWti5^'Tr^V«;*  •  *~Vi»*<  |t»i  ‘ '  rs"^ 


Figure  2-92  la  similar  lo  2-91  except  that  the  target  is  at  a  beam  peak.  Two  things  worth  ‘ 
noting  are  the  close  tracking  of  the  log  amplifiers  over  a  wide  dynamic  range  arid  the  deviation  of 
the  trailing  edge  from  R  Straight  line  (log  of  an  exponontlB.1  decay),  which  is  anindlcktion  of  the 
absolute  accuracy  of  tho  amplifiers. 

The  output  of  the  interpolation  over  a  fairly  large  dynamic  range  ia  shown  in  Fig,  2-93(b), 

Ttte*«  -vtaveforms-are  for -a -simulated  target  at- the  beam  crossover  and  at-the  beam  peak-similar— — , ... _ _ 

to  Fig,  2-91(b)  and  2-92|b),  Those  of  higher  input  levels  sre  wider  beoause  of  the  sensitivity  of 
the  threshold  detector.  "T'he  output  level  in  Fig.  2-93  is  not  absolutely  flat  because  the  log  ampli¬ 
fiers  do  not  track  perfectly.  The  dip  at  thB  'right  of  all  the  pulses  is  du'e  to  the  region  of  maximum 

tracking  error  which  can  be  seen  as  a  slight  separation  of  traces  in  mi  a.  2-9a(a)v:  ,  -  . 

The  rnonopulae  system  is  ready  to  be  installed  in  the  array  and  no  dlfftculty4s‘ foreseen  in  -  ..u - - 

mbuplihg  to  the  present  display,  "Further  teate^and^ludiearconoerned  mainly  "wittrstsbtllty  and - v-a - 77- 

methods  of  improving  system  accuracy,  will  be  made  with  the  intent,  of  determiTiing  tile  feasibility 
of  a  similar  system  far  a  Short-pulse  radar  (<i  pace),  .  . — 
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CHAPTER  V 

TRANSMITTER  DEVELOPMENT 


SUMMARY 


The  bulk  of  this  chapter  ia  devoted  to  a  detailed  description  of  the  9CQ-Mop«  transmitting 
astern  that  is  being  Implemented  in  ourUtnear  teat  array,  This  System  ia  composed  of  16  trans¬ 
mitting  modules  and  their  supporting  genr.  Transmitting  amplifier!)  and  modulstcirs  are  discussed, 
as  Rre  the  monitoring  system,  digital  phase  shifter  drivers  and  the  RF  and  power  distribution 
systems,  >'  ’■  ”  ■■  lj .  ■■■• 

The  development  of  the  low, -power. solid  state  ipoijulators  for  very-short-pulae  systems  Is 
dtacusaed,  and  brief  mention'  is  made  of  some  techniques  ihttt  might  reduce  the  coat  of  wideband 
transmitting  arrays,  Finally,  the  present  status  of  developmental  tubes  for  phased  array  trans¬ 
mitters  is  outlined,  “ 


A.  INTRODUCTION 


D,  M.  Bcrnella 


The  900 -Mops  transmitter  work  carried  on  during  the  past  year  has  been  concerned  primarily 
■  with  the  Integration -df-components  Into  the  transmitting  module  design  and  with  the  fabrication  of 
,16  modules  and  9  spare  units  for  a  Hpear  test  array.  This  work  has  been  completed  with  the 
exception  of  the  fabrication  of  the  spare-units  and  some  of  tha  phase  shifter  and  monitor-duplexer 
printed  hoards,  In  addition;  the  array  power  supplies  have  been  built,  and  the  mounting  raok,  for 
installation  of  the  14  modules  has  been  installed  and  cabled  for  power  and  control  distribution. 
During  the  coming  year,  this  first-generation  transmitting  test  array  will  be  used  as  a  general 
learning  tool  to  evaluate  array  component  and  syslom  philosophy,  reliability,  stability,  elo.  It  is 
felt  that  the  experience  gained  in  the  construction  and  operation  of  fills  low-power  modular  array 
will  be  helpful  in  designing  optimum  modules  for  future  higher-powered  aye-terns , 

B.  BOO-MepS  TRANSMITTER  SYSTEM  f  Berne  11a 

1.  Modules  <■ 

•  •  •  ■  ■■  "  j,;i| 

The  basic  electrical  design  and  component  layout  of  the  900-Mcps  transmitting  module  was 
shown  in  breadboard  form  in  TR-236*  (Fig,  2-85,  p,  112),  The  following  parameters  were  set 
as  goals  for  this  design: 


RF  power  output 
High-voltage  DC  input 
Center  frequency 
Signal  bandwidth 
Pulsewidth 


5  kw  peak  at  50  watts  average 
4  kv 

900  Mcps 
>10  Mcps 
0,1  to  10  pace 


A  breadboard  was  constructed  and  tested  to  the  above  specifications.  This  model  consisted 
of  only  the  basic  amplifiers,  and  modulator,  with  no  phase  or  amplitude  control  and  no  integrated 
monitoring  system.  The  specifications  were  met  except  that  the  minimum  pulsewidth  was  0.2psec, 


•ItL 


*  J.  L.  Allen,  et  ol.y  "Phased  Array  Radar  Studies,  1  July  1960  to  I  July  1961 Technical  Report  No.  236  [<J| , 
Lincoln  Laboratory,  M.  I.T.  (13  November  1961),  ASTIA  271724,  H-474. 
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Fig.  2-94.  900-Mcpi  transmitter  moduU. 
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Tills  was  not  considered  a  serious  compromise  and  the  ttrst  prototype  module  was  fabricated. 

Tills  prototype  contained  neither  the  digital  diode  phase  shifter  nor  the  monltor-duplexer  boards, 
but  did  have  a. trombone  line  stretcher  and  amplitude  control.  Phase  monitoring  was  done  with 
the  use  of  directional  couplers  and  900-Mcps  printed  circuit  hybrids.  A  simple  control  circuit 
was  employed  for  the  protection  of  the  high-voltage  supply  and  also  for  the  modulator  and  RF 
tubes  in  the  event  of.  the  loss  of  cooling  water.  1\ 

During  subsequent  testa  of  this  model,  tt,/wah  found  that  the  parasitic  suppressor  resistors 
on  the  modulator  plates  failed  after  several  Ij'qurs  of  operation  anij  often  failed  after  the  first 
test.  This  problem  was  traced  to  the  modulator  pulse  transformer,  ’Which  had  been  designed  for 
a  ma xi mn m  .i o -ps e c  pulse,  In  .order  to  ac^ieve..a  10-psec.RE  pulse  wlth  good -rise  and  Mi  time, - 

u  was  necessary  to  have  the  video  modulation  overlap  the  RF  pulap,  The  respiting  modulation _ - 

pulse  was  1 2  psoc  long,  This  excesaiveypulaelength  caused  the  transformer  .bore  to  saturate  under 
maximum  load  as  the  temperature  inenbased}  all  the  voltage  then  appeared  across  the  resistors, 
causing  them  to  explode,  Therefore,,  two  transformers  were  mounted  in  series  to  reduce  the 
voltage  time  product  each  had  to  handle,  This  not  only  stopped- the  resistor  failure,  but  also  re¬ 
vealed  the.  fact  that, the  modulator  DC  input  voltage  could. ha  increased  to  5000  volts  DC  and  the 
RF  power  output  Increased  to  n.peak  of  10  kw,  The  transformers  eventually  failed  under  this  — ; 

voltage,  but  because  no  harm  to  the  Rf  tubes  was  apparent,  a  new  pulse  transformer  capable  of 
operating  at  5000  volts  DC  with  a  i  5-psec  pulse  was  ordered,  Since  this  transformer  had  to  bis 
developed  to  match  the  power  and  size  limitations,  the  prototype  was  not  resolved  uiilil  late  spring 
of  1962,  Since  the  installation  of  the  first  prototype  transformer  thn  RF  tubes  have  operated  for 
approximately  200  hours  with  no  apparent  degradation,  This  transformer  has  now  been  installed 
in  all  units.  The  Increase  In  power  output  c’aused  a  reduction  in  gain  of  the  over-all  amplifier 
chain  to  27  db  from  the  original  30 db  available  in.  the  module  having  peak  power-  of  5  kw,  , 

The  final  design  layout  is  basically  the, same  as  the  original  breadboard  cxqppt'W  minor 
changes  that  facilitate  the  fabrication  and  maintenance  of , the  module  [see  Ftga.  2-94(a)  and  (h> ] . 
Most  of  the  connectors,  cabling,  relays,  etc,,  are  stock  items  o,r  modifications  of  stock  items; 
therefore  the  over-oil  design  is  far  from  optimum  with  regard  to  compactness.  It  has  become 
quite  apparent  that  in  future  designs  il  will  be  imperative  to  design  these  components  specifically 
for  the  phased  array  application. 

•  "  .  .  if  ... 

2.  System  Description 

An  over-nil  block  diagram  of  the  transmitting  system  is  shown  in  Fig, 2-95,  The  RF  energy 
from  the  exciter  is  transmitted  to  u  16-port  printed -circuit  hybrid  feed  system  constructed  by 
Sanders  Associates,  Each  output  port  of  the  corporate  feed  is  connected  to  a  transmitting  module 
through  approximately  12  feet  of  RC.-9B/U  coaxial  cable.  The  module  itself  is  adjusted  to  a  set 
electrical  length  by  means  of  the  input  line  stretcher  feeding  Into  the  -1-bit  digital  diode  phase 
shifter.  The  output  of  the  phase  shifter  at  approximately  30  watts  peak  power  is  used  to  drive 
tile  ItF  amplifier  into  saturation,  Phis  effectively  eliminates  the  amplitude  variations  caused  by 
the  varying  insertion  loss  of  the  phase  shirter  as  the  bits  arc  switched. 

The  final  amplifier  raises  the  output  power  to  a  peak  of  10  kw  and  is  coupled  through  a 
dielectric-filled  circulator  into  the  monitor-duplexer  printed  circuit  board.  Because  of  the  nar¬ 
row  bandwidth  of  the  RF  amplifiers,  it  was  necessary  to  use  a  circulator  to  isolate  the  antenna 
VS  Wit  variation  caused  by  the  scanning  of  the  transmitted  beam.  Energy  from  the  circulator 


passes  through  the  duplexcr-mnnitnr  board  to  the  antenna,  a  portion  being  coupled  off  and  com* 
pared  tn  amplitude  and  phase  with  a  fixed  monitor  Input  pulsu.  The  difference  pulse  Is  sent  to 
the  alarm  circuit,  which  energizes. a  warning  light  whenever  the  difference  exceeds  a  preset 
level, 

dating  control,  low -level  phase  shifter  controls  and  DC  power  are  applied  to  the  module 
through  the  three  plugs  mounted  on  the  front  panel.  An  Internal  control  ctroult  la  used  to  protect 
the  module  if  the  cooling  water  should  be  lost  and  In  the  event  of  improper  Bequenop  during  module 
Installation  or  a  short  tn  the  high-voltage  ltne,  The  low-level  phase  shifter  drive  1b  applied  to 
the  phase  shifter  driver  amplifier.,  This  eliminates  the  need  for  distributing  high-level  video 
pulses  in  separate  cables,  The  video  drives  for  the  modulators  are  all  paralleled  from  the  same 
line  and  fed  to  the  modules  via  short  coaxial  linos,  - 

Kach  module  will  be  sol  to  a  reference  phase  and  amplitude  In  a  test  setup  and  then, installed 
in  the  array, 

C,  CIRCUIT  AND  COMPONENT  DESCRIPTION  OF  900-Mcps  SYSTEM  D.M.  Dernella 
1.  Corporate  Feeds  find  RF  Cables 

The  900-Mcps.  phase  bridge  (described  in  Pari.  2,  Ch.  I)  was  used  to  measure  the  relative 
phase  and  amplitude  difference  belween  the  output  porla  of  the  two  corporate  feede,  Figures  2-96 
and  2-97  era  plots  of  the  phase  and  amplitude  variations  referenced  to  their  respective  means. 


OUTPUT  PORT 

Fi$.  2-96.  Phose  and  amplitude  errors  at  various  ports  of  corporate  feed  2  (900 Maps). 


A  systematic  error  Is  apparent  from  the  plots,  since  the  maximum  deviation  occurs  at  the  ports 
near  the  edge  of  the  structure.  In  view  of  the  narrow  bandwidth  o.'  this  system,  it  seemed  rea¬ 
sonable  to  compensate  for  the  errors  in  the  corporate  feeds , by  cutting  the  RF  cables  to  the  propel- 
lengths.  This  was  dono  for  phase  compensation  only;  the  resulting  phase  differences  at  the  cable 
terminations  are  plotted  In  Figs.  2-98  and  2-99  for  the  amplifier  and  monitor  distributions.  The 
solid  lines  represent  the  center  frequency  of  900  McpS,  while  the  dotted  and  dashed  lines  represent 
900  Mcps  ±5,  ft  is  apparent  from  these  results  that  in  a  system  with  wider  bandwidth,  all  cabling 
will  have  to  be  Identical,  and  corporate  reeds  will  have  tc  .be  constructed  much  more  accurately. 
One  of  the  Sanders  Associates  corporate  feeds  is  shown  in  Fig,  2-100. 

2.  Control  Circuitry 

The  internal  modulo  control  circuitry  consists  of  F-1,  WRY-1,  RY-i,  RY-2,  TD- 1 ,  and 
R-i5  (sec  Fig.  2-101) .  Operation  is  Buch  that,  when  the  main  power  cable  is  plugged  into  the 
modulo  face,  ib  and  -6  volts  arc  connected  across  the  terminals  of  WRY-f .  This  relay  consists 
of  a  water-flow  switch  connected  in  series  with  the  coil  of  a  small  (10-ma)  relay  coil  (shown  in 
Fig.  2-102).  The  flow-switch  orifice  is  such  that  its  contacts  are  made  with  7  cc/sec  of  water 
flow  and  broken  below  5  cc/sec.  The  normal  water  flow  through  the  module  system  is  10  cc/sec, 
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The  primary  AC  current  is  broken  by  Ihe  relay  contacts ;  therefore,  the  module  ia  "dead" 
until  the  coolant  ia  flowing  properly.  When  W li Y - 1  is  energised,  115  volts  AC  is  applied  10  RY-1 
und  KY-3,  RY-3  ia  used  to  short  out  the  high-voltage  charging  resistor  used  to  protect  the  high- 
voltage  ruse  I'M  during  Initial  charging  of  the  energy  storage  capacitor.  Therefore,  the  high- 
voltage  cable  must  be  attached  to, the  module  before  the  main  power  is  applied.  RY-1  energizes 
the  filament  transformer. Tor  the  modulator  and  RF  tubes  and  the  filament  of  TD-1,  a  45-seb 
time  delay  that  allows  the  tubus  to  warm  up  before  screen  voltage  ia  applied  to  the  modulator 
through  the  contacts  of  RY-2.  RY-2  is  a  self-holding  relay  that  removes  the  filament  voltage 
from  TD- 1 , 

3,  Phase  Trimmed  " 

Phase  adjustment  tiiside  the  modulo  Is  accomplished  with  a. trombone-type  line  stretcher  and 
the  tuning  adjustments  of  the  RF  amplifiers.  The  limited  physical  apace  In  the  module  prevented 
the  Incorporation  of  a  full-wevelongth  Hue  stretcher,  but  U  was  found  that  the  over -all  phase  angle 
could  he  adjusted  through  at  least  t BO " ,  without  significantly  affecting  the  output  power,  by  changes 
in  the  Amplifier  tuning  and  coupling  probes,  TIuib,  with  ihe  two  methods,  it  is  possible  to  set  the 
phase. toiany-reJteroncfi,.  ..  ' z  -  •“  —  — - ■■  -  . 

”  ‘  .•••"  "  j  '' 

4.  Diode  Fhaae  Shifter  Driver  Amplifier  •’  H.  J,  cireenberger 

The  *1  «bll  diode  phase  eihifter  is  described  in  detail  ia  Part  2,  Ch.  l.  The  function  of  the  .  " 
phase  shift  drive tb  ia  to  accept  a  digital  control  signa'l  from  the  radar  programmer,  and  to  supply 
the  correct  bins  for  the  phase  shifter  diodes.  The  programmer  generates  a  4-bit  word  for  each  . , 
modulo  corresponding  lo  the  desired  phase  shift.  This  word  is  sent  t,o  the  phase  shift  driver  as 
one  of  two, DC  levels  on  four  parallel  linos,  .The  driver,  which  consists  of  four  independent  cir¬ 
cuits,  transforms  this  control  signal  into  the  bias  for  the  phase  shift  diodes  (225*voll  reverse 
bins,  90  ma  per  diode  forward  bins),  A  schematic  is  shown  in  Fig.  2-1Q.3, 

The  switching  clement  is  a  Shockley  4F200-2B  PNPN  diode  whose  voltage -current  character¬ 
istic  is  shown  ln.Flg,  2-104.  There  are  two  stable  points  of  oporatlon,  A  and  C,  which  He. on 
different  load  Knen. 

Simplified  schematics  corresponding  to  circuit  conditions  for  these  states  are  shown  in 
Figs.  2-1 05(a)  and  (p). 

The  PNPN  diode  is  switched  from  high  impedance  to  low  impedance  by  switching  Q2  ,on.  The 
breakdown  voltage  of  the  diode  is  exceeded  and  the  output  capacitance  supplies  sufficient  charge 
so  that  the  instantaneous  voltage  and  current  follows  a  trajectory  to  B  or  13',  The  phase  shifter 
diodes  become  forward -biased  and  the  switching  trajectory  then  continues  to  the  stable  operating 
point  C. 

When  Q7  is  switched  off.  the  current  in  the  PNPN  diode  is  reduced  to  a  value  below  the  hold¬ 
ing  current  1^,  and  the  circuit  follows  the  switching  trajectory  back  to  point  A. 

The  switching  limes  depend  upon  the  characteristics  of  the  diode  and  the  time  required  to 
charge  and  discharge  the  capacitance  across  the  output.  (This  amounts  to  approximately  150  pf 
evenly  divided  between  the  sett -capacitance  of  the  PNPN  diode  and  that  of  the  phase  shifter  diode 
mount,)  Approximately  (J.4psec  is  required  to  switch  the  PNPN  diode  to  its  low-impedance  state, 
with  negligible  time  required  lo  discharge  the  capacilance.  In  switching  back  to  the  high- 
Impedance  slate,  5jisec  is  required  for  the  PNPN  diode  and  20psco  for  charging  the  capacilance 


pig,  2*105,.  Simplified  tchomaHa  for  determining  h  I  oho  nd  low  Impedanio*  load  Ifriei, 


Fia.  2-104,  900-Meps  eovity  amplifier  with  tube  and  output  coupler  exposed. 


to  95  percent  of  Us  steady-state  value.  The  charging  time  constant  cannot  be  reduced  much 
further  because  of  stability  and  heat  dissipation  problems,  ir  the  capacitance  Is  reduced  too 
much  iho  switching  trajectory  will. follow  a  path  similar  to  the  one  shown  at  the  far  left  in 
Fig.  2-104,  thus  producing  a  saw-tooth  oscillation,  The  lower  limit  on  ttf  is  determined  by  the 
need  to  reduce  the  current  In  the  PNPN  diode  below  In  In  order  to  switch  to  the  low  resistance 
state,  If  Q,  avalanches  at  I0Q  volts  and  the  minimum  value  of  is  10  an,  then  R^  must  be 
greater  than  20  ktlohms.  A  value  of  JOkllohms  has  been  chosen  to  provide  an  additional  safety 
factor, 

The  only  problem  encountered  to  date  has  been  the  difficulty  in  eliminating  the  hoet  front  . 

Rr  Und  r  worst  conditions,  with  all  tour  bits  on,  12  watts~are  dissipated,  The  air  inside  the 
driver  Is  heated  to  over  1  so «  F,  eaiTstnB  erratic  operation  of  some  transistors  and  diodes.  This 
problem  has  been  reduced  by  potting  these  resistors  tn  a  send -loaded  epoxy  of  high  thermal 
conductivity,  which  offers  a  heat  conductive  path  to  the  module  keel.  Preliminary  experiments 
sho’  /  a  reduction  of  atr  temperature  to  1 20*  F,  Expert mentB.  to  determine  the  most  efficient 
potting  material  are  continuing,  . 

0,  RF  Amplifiers  .  . -■  ■■ 

The  RF  ampltftor  design  la  the  same  as  that  described  In  TR-236  with  the. exception  of  a 
change  in  tho  method  of  attaching  the  output  oavity  end  plate.  The  Increased  plate  Voltage 
(5000  volts  DC)  neccnsitd|ted  the  use  of  matai  screws  for  the  plats,  The  nylon  screws  did  not 
hold  the  assembly  tightly  enough  and  corona  formed  at  the  mica-filled  gap,  Nylon  bushings  re¬ 
placed  the  Teflon  bushings  used  to  Insulate  the  ground  potential  screws  from  the  high-voltage  end 
cap,  since  the  Tedan  exhibited  enough  cold  flow  to  allow  the  end  nap  to  loosen  and  again  form 
corona,  •„  *  "  . 

The  output  loop  was  tuned  by  adding  a  3-ppr  capacitor  In  series  ,vt(h  the  loop.  This  forhaed 
an  excellent  match  into  a  50-ohm  load,  and  the  network  has  shown  no  sign  of  deterioration  under 
testing  (see  Fig,  2-106). 

.  6,  Modulators  M.  gtegei,. 

As  noted  earlier.  It  wns  discovered  that  considerably  more  than  5kw  could  be  extracted  from 
the  7649  amplifiers,  without  causing  breakdown,  by  increasing  the  pulse  voltage  on  the  plate 
and  screen  of  the  amplifier.  Hence,  it  waa  decided  to  Increase  the  capability  of  the  modulator, 

The  modulator  described  tn  TR-236  was  redesigned  around  a  larger  pulse  transformer. 

The  resultant  modulator  ts  a  hard-tube  circuit  that  produces  three  output  pulses  (5kv  at 
4. ft  amp  for  the  final  amplifier  plate,  3 ,2  kv  at  1 .6  amp  for  the  driver  plate  and  670  volts  at  0.5  amp 
for  the  two  screens)  for  a  total  or  30  kw  of  peak  video  output  at  an  average  power  level  of  300  watta, 
The  output  video  pulsewidth  can  be  varied  from  0  to  15psec,  thus  providing  sufficient  overlap  so 
that  the  RF  pulse  can  be  Sandwtched  inside  the  video  pulse.  Hence,  the  width  arid  rise  time  or 
the  module's  RP  output  pulse  are  determined  by  the  width  and  rise  time  of  the  RF  drive  pulse 
and  the  RF  amplifier  bandwidth. 

The  video  rise  time  ts  limited  by  the  rather  large  shunt  capacity  in  the  RF  amplifier  DC 
blocks.  The  plate  bypasses  arc  about  300  pf,  These  capacities,  when  fed  from  the  essentially 
constant  current  modulator,  limit  the  video  rise  time  to  between  l/2  and  1  pser. 


OFF  MODULATOR  CHA891? 


MOUNTED 


^ f5 iff  rWlIWi  •*  ^‘1  pT*m  T'ff^Sfft 


Two  3E29  luhoa  In  piirallol  are  required  to  produce  tlio  6-amp  current  pulae,  each  3E29  tube 
being  rated  at  3  amp  of  peak  curi'ont  when  used  at  0.0 1  duty  ratio.  The  potentiometer  which  had 
been  used  previously  in  the  cuthnde  circuit  of  life  3K29  we.  tended  to  provide  cathode  degenera¬ 
tion  useful  in  limiting  the  peak  tube  current  ami  in  al  app'g  iho  leading  edge  of  the  video  pulse, 
but  was  found  to  bo  unnecessary  at  the  higher  plate  voltage,  1 

This  new  High-voltage  version  of  the  pulao  modulator  has  been  found  to  operate  conservatively 
Into  the  required  load  and,  in  general,  components  operate  cooler  then  in  the  original  version.  A 
schematic  and  a  photograph  of  the  flnni  modulator  are  Bhown  in  Elga, 2-107  and  2-108,  respec¬ 
tively.  as  can'he  soon,  tho  components  tiiat  develop  moh.tof  the  heat,  the  31f29's  and  the  pulse 
transformer,  ore  mounted  so  as  to  provide  maximum  conduction  of  heat  to  thi  Bluminum  chassis, 
which  is  water-cooled,  The  plates  of  the  3E29's  are.  provided  with  small  parasitic  suppressor 
resistors  that  also  act  as  fusee  and  disconnect  the  tubes  in  case  of  arc-over, 

7.  Circulator  .>  .. 

During  the  initial  tests  of  the  prototype  modulo,  a  25-ohm  load  waa  attached  to  t|je  output 
of  the  final  amplifier  through  a  line,  stretcher  to  simulate  a  varying  2-to-f  impedance  shift 
[Pig,  2-109(a)].  The  resulting  power  output  variations  |Pig.  2»109(lv>]  Indicated  thul.ti'A'1  esvity-  Q.  - ! 
was  too  high  to  work  into  this  type  of  mismatoh.  Therefore,  th|p  circulator  w^x  iiJijorpOrated 
into  the  design  for  isolation,  These  printed  circuit  circulators  were  developed  by  HYLETRQNIC8 
Corporation,  and  have  heen  successfully  tested  nl  6,kw  of  peak  power  (60  watts  average)  with  port 
2  shortened  and  a' load  on  port  3,  No  specific  tests  at  higher  power  have  been  carried  out,  but  " 
tho  cireulatqrs  In  the  modules  have  been  operating  at  iOkw  of  peak  output  With  no  apparent  fail¬ 
ures.  The  test  results  of  phase  and  VSWR  measurements  are  shown  for  several  circulators  In 
.Pigs,  2 -HO  and  2-1 U,  ,  j  ■■  ’  “ 

Vj  8.  Duplexer -Monitor  Printed  Cl'r shit  Boards 

The  monitor  section  of  this  board  subtracts  a  small  fraction  of  the  transmitter  signal  from 
an  external  "reference"  signal.  The  resulting  difference  signal  Is  fed  to  the  detection  circuit 
7  described  in  Sec.  C-9  of  this  chapter.  The  duplexer  section  protects  the  receiver  during  the 

transmitter  "o,^ 11  time  as  In  a  conventional  radar.  This  monilor-duplexer  board  IS  described  in 
detail  In  Part  2,  Ch.  I  or  this  report. 

9.  Phase  and/or  Amplitude  Error  Detection  Circuit  j.  jJiDartolo 

A  measuring  system  must  be  more  reliable  than  Mai  which  is  being  measured,  In  an  effort 
to  keep,  the  circuitry  as  simple  as  possible  and  thereby  enhance  reliability,  no  effort  was  made 
to  differentiate  between  phase  and  amplitude  errors  in  the  monitoring  equipment.  Error  detec¬ 
tion  is  accomplished  by  subtracting  the  transmitted  pulse  veclorinlly  from  a  fixed  monitor  pulse 
and  sensing  when  the  amplitude  of  the  difference  pulae  exceeds  a  predeto:  mined  level.  The  two 
signal?  are  combined  at  the  UF  level  In  a  traveling-wave  directional  coupler  mounted  on  the 
duplexer-monilor  board.  The  amplifier  chain  is  adjusted  to  produce  a  pulse  180®  out  of  phase 
with  and  equal  in  amplitude  to  the  monitor  pulse.  The  difference  waveform  is  sent  to  the  alarm 
contx'ol  box,  which  is  adjusted  to  operate  a  warning  signal  whenever  the  milled  voltage  amplitude 
exceeds  the  preset  threshold  level  of  the  circuit.  A  schematic  and  photograph  of  this  box  arc 
shown  in  Figs.  2-142  and  2-H3,  respectively. 
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POWER  OUTPUT  TABLE 

Output  Pewar  Into  25-ohm  Load 

Forward 

Ravaria 

Powar  Radutad 

--  ---  (kw)  —  — 

(kw) 

(kw) 

-4,2 

300 

3.90 

3,8 

380 

,  3.42 

,,  3,4  , 

440 

3.M. 

3.  4  : 

320 

" . 

2.08 

3.8  i:' 

350 

" "  '  3. 25 

4,  4 

■"  540  . 

3.84 

*  4.3' 

406' 

:i"  1  3.90 

4.4 

.  320 

4.08 

(b)  Smith  Chart  plot  of  Z  vs  line  stretcher  position. 

Fig.  2-109.  Test  setup  for  measuring  amplifier  performance  into  a  mismatch 


PH  All  LENGTH  I  ant) 


(a)  Circulator  22, 


PHASE  LENGTH  lent) 

(b)  Circulator  4b. 


Fig.  2-110.  Phase  length  vs  temperature. 


Fig.  2-111,  VSWft  vs  temperature. 


The  900-Mcps  error  signal  la  carried  to  the  alarm  circuit  through  a  short  piece  of  coaxial 
cable  and  detected  with  an  M4303  Microwave  Associates  diode.  The  merits  of  this  detector  are 
described  in  Part  2,  Ch.  HI,  along  with  the  microwave  printed  circuit.  ■ 

The  Input  tranaistpr  T^  In  Fig.  2-112  is  used  in  a  grounded  base  configuration  to  give  tem¬ 
perature  stability -and  afford  sufficient  voltage  gain  to  fire  the  silicon-controlled  switch  when  a 
few  millivolts  of  error  wignal  at®  ^applied,  Component  Rj  provides  the  sensitivity  control  which 
sets  the  alarm  level  at  any  desired  value.  Tlie  efnltter  followers  T.£  and  Tj  are  used  to  provide 
isolation  and  to  maintain  a  high  gain  by  presenting  a  constant  high  loading  impedance  to  the  first 
stage.  r  ~  -  ■■  -  -  : 

t: iphima r row  bsiidViitUh  of  the  traiiimitter  amplifiers  causes  the  leading  atid  trailing  edges  of 
the~pulse  to  nave  phase  and_amplTfu"deT,fi5racterlsUcs,  diffet’enl TromThose  of  tfiSTStlse  center 
;  section;  thereforei.  large  spikes  appear  at  both  ends  of  the  error  pulse.  To  overcome  this  dif¬ 
ficulty,  only  the  center  portion  or  the  pulse  is  examined.  A  2 -pace  lumped  constant  delay  <was 
placed  between  Tj  and  Tj.  The  rej|iu(iilng  delayed  pulae  is  combined  with  the  undelayed  pulse 
from  Ta  lii  a  three-way  "and"  gate.  Because  the  monitor  phase  and  amplitude  are  fixed  and  will 
-Crdih~ofde  wlttithe  transmitted  pulses  when  the  transmitters  alje  indhe  proper  phase,  the  monitor 
system  la  activated  only  when  the  antenna  spans  to  the  borjisight,  position,  a|  which  time  an  ’on" 
puloclc  cent  td  the  third  gate  Input.  The  J^tte  gjves  a  positive  output  voltagi  if  art  error  IS 
detected,  -  v  '  "  >  •••  — 

.lit  effect,  the  presence  of  an  error  voltage  turns  on  the  silicon-controlled  awiteh;((Scp) . 

Two  3 -volt  la'mpa  placed  in  series  With  If  Villi  light  up  when  the  SCR  starts  conducting,  A  push 
button  on  the  control  panel  is  provided  to  momentarily  interrupt  the  current  and  reset  the  con¬ 
trolled  switch, 

This  alarm  circuit  has  been  tested  on  the  bench  and  in  the  transmitting  modules.  The  re¬ 
sults  indicate  that  the  error  level  can  be  Set  to  function  reliably  for  the  delection  of  ±2"  of  phase 
error  at  *0,39-dh  of  amplitude  error.  The  coupled  energy  ma  n  oxlmately  35 db  below  the 
transmitter  output  of  10  kw  peak,  No  degradation  of  porforman)  As  rioted  to  60”  C  during  tho 
oven  heat  lest,  ...  J 

D.  900-Mcps  AMPLIFIER  PERFORMANCE  D.M,  Bernella 

While  all  the  transmitter  modules  are  presently  operating  at  the  iO-kw  peak  power  output 
level,  the  bulk  of  the  testing  during  the  past  year  hus  been  done  at  the  5-kw.  power  level  because, 
until  recently,  the' higher-power  pulse  transformers  were  not  available.  Therefore,  bench 
testing  of  some  of  the  spare  units  will  be  continued  In  the  future  along  with  the 'experimental 
work  being  done  with  the  16-element  linear  transmuting  array.  In  addition  to  the  over-all 
testing,  a  large  portion  of  the  time  during  the  past  six  months  has  been  devoted  to  the  develop¬ 
ment  of  a  phase-amplitude  bridge  capable  of  accurate  cable-length  measurements  and  to  methods 
of  constructing'  lil1'  cablea  to  specific  lengths.  Thtr  work  is  described  in  detail  in  Part  2,  Ch.  Iff, 
Figures  Z-114(a)  and  (b)  show  the  test  results  of  the  first  production  module  during  Iwo 
24-hour  pciiods.  Figure  Z-i  14(a)  gives  the  results  when  the  module  was  operated  without  its 
box  enclosure,  and  Fig.  ''-114(b)  shows  the  results  when  the  module  was  enclosed.  In  prepara¬ 
tion  for  the  tests,  the  module  was  run  for  several  hours  to  reach  Its  operating  temperature, 
then  tuned  and  all  adjustments  locked.  The  module  was  then  shut  off  and  allowed  to  cool  before 
the  tests  began.  It  can  be  seen  that  both  power  output  and  phase  followed  the  ambient  temperature 
variations  quite  closely  when  the  module  was  open  and  wore  much  more  stable  when  the  enclosure 


was  In  place,  Plots  of  the  temperature  variations  In  both  cnaoa  show  the  cooling  system  to  be 
adequate  to  maintain  stable  operation  within  l’oaaoiinble  llmlta  whon  it  la  oncloaod,  A  similar 
teat  la  shown  in  Fig,  2-1 14(c)  for  a  Iransmlllor  modulo  operating  at  the  higher  power  level,  This 
unit  also  had  the  digital ' diode  plmae  shifter -Installed  and  waa  enclosed  In  Its  easing,  A  block 
diagram  of  the  experimental  setup  for  the  teats  is  shown  in  Fig.  2“H  3, 

Although  the  teat  data  are  fat1  from  complete,  Information  obtained  thus  far  certainly  shows 
the  tetrode  amplifiers  to  be  stable  enough  for  phased  array  application',  It  id' expected  that  com¬ 
plete  results  pn  the  phase -amplitude  characteristics  will  bo  available  In  the  future, 
t 

'  ■  >•  t 

E,  TRANSMITTER  POWE  CONTROL  CIRCUITS  W.  W.  Carpenter 

1. "  introduction  . 

As  the  linear  lest  array  grew,  11  became  'evident  thal  some  form  of  centralised  control  aod  .i 
mo, illy,  lag  of  the  various,  power  and  tither  supplies  was  necessary,-  At  one  point  It  was  noted 
that  as  switches  scat  to  rod  over  the  penthouse  and  In  the  rhdotne  were  being  used  to  control  the 
transmitter,  in  an  effort  ip  improve  this  situation,  the  essenttat control'' functions  were, outlined, 
.and  qirctitlry  for  the  various  requirements  was  designed.  It  jvaa  decided  to  use  a  24-  Lo  ?r8-vbU 
.PC  syrtiejlrv  fnr.;the  control  circuitry,  A briof  description  of  the  transmitter  can|rol  circuitry 

follows,  '  4" 

1,  '  ‘  .  ■■  „ 

2,  Low -Voltage  Control*  «  i-  v 

•  ?'  1  11  • 

Wher,  the  main  switch  on  the  (ransmlttor  control  panol  Is  In  the  "on"  position,  a  24-volt  sig¬ 
nal  la  Bont  io  Iho  contral  wator-oooltng  aystom,  which  sendl;  back  a  24-voll  signal  if  It  Is  in 
normal  operating  condition,  This  signal  Initiates  the  "high-voltage-on"  sequence,  If  no  such 
signal  Is  received,  a  water  malfunction  Igmp  will  light,  Under  normal  conditions  a  relay  will 
turn  on  Ihe  regulated  117.volt  primary  supply  lo  the  modules.  This  relay  will  also  activate  a 
time  delay  relay  that,  when  it  has  cycled,  will  allow  another  rolfty  system  to  sample  Iho  200-volt 
negative-bias  power  supply  and  connect  it  lo  the  transmitter  If  the  voltage  Is  correct.  The  relay 
thal  performs  (Ills  function  also  starts  a  second  Lime  delay  relay  that  supplies  24  volts  to  three 
other  relays  when  Us  cycle  Is  .iomplotod.  These  relays  sense  and  act  on  Ihe  slatu^l  of  the  video 
driver  and  high-voltage  supplies. 

DC  power  for  the  v-idoo  driver  Is  obtained  from  n  supply  w has e  AC  primary  circuit  Is  con¬ 
trolled  by  thal  one  of  the  three  relays  mentioned  above  which  Is  seeking  a  DC  return  for  Its  coll. 
The  relay  coil  circuit  Includes  n  microswtlch  thal  is  attached  to  the  motor-driven  varlac  con¬ 
trolling  the  video  driver  output.  If  this  varlac  Is  In  any  position  other  than  "off,"  the  control 
relay  is  de-energized.  However,  a  "video  drive  lower"  button  on  the  console  will  he  able  to 
lower  the  vnrinc  control  until  the  microswiteh  closes  and  energizes  Iho  relay.  If  the  relay  is  in 
a  de-cncrgizcd  position,  a  lamp  will  indicate  “recycle  driver."  The  second  relay  of  the  three- 
relay  group  samples  the  amount  of  high  voltage  present  at  the  output  or  the  module  "plate"  supply. 
The  third  relay  energizes  when  the  other  two  have  signaled  that  the  proper  condition  exists  for 
turning  on  the  driver  and  the  modulator  screen  Hnpplics, 

Driver  and  screen  voltage  cannot  he  applied  until  the  second  relay  has  closed,  indicating 
thal  1  kv  or  more  or  high  voltage  has  been  applied  to  the  modulo  "plale11  bus.  This  is  accom¬ 
plished  by  a  comparison  circuit  on  a  printed  circuit  card  and  a  voltage  divider  that  closes  a  set 
of  relay  conLacls  when  the  specified  voltage  has  been  reached.  These  contacts,  in  turn,  energize 


t  ■  ■■ 
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the  third  relay.  The  tr  ana  milter  can  then  bo  brought  to  full  power  by  applying  additional  voltage 
and  drive  power  gradually. 

Note  that  the  above  procedure  la  uompletely  automatic  except  tor  turning  on  the  main  "on" 
switch  and  tor  varying  the  vtdeo-drtvor  and  htgh-voltage  levels.  Note  also  thal,  once  the  array 
Is  operating  at  full  power, ,  individual  modules  can  be  removed  and  replaced  by  removing  and 
replacing  plugs  without 'going  through  the  entire  cycle. 

3.  High-Voltage  Controls  , 

Plate  power  for  the  modules  is  taken  from  a  6-kv  DC  supply  capable  of  20  kw  of  DC  output. 
The  output  ta  led  from  this  supply  to  a  regulator  unit  (actually  two  units,  one  for  the  linear  array 
and  one  for  the  transmitter  teat  facility).  The  regulator,  unit  Includes  24-volt  control  sequences 
for  oerlatn  functions, 

The  first  of  these  ts  e  safety  check,  The  application  of  a  24-volt  signal  from  the  driver 
panel  will  turn  on  the  regulator  filaments  and  energise  an  Interlock  string,  Interlocks  are  lo'2 
cated  on  the  supply  output  cables,  on  the  regulator  cooling  system  and  on  the  start  end  of  a 
h-minute  time  delay  relay,  If  all“tonditlona  are  Satisfactory  when  the  time  delay  unit  has  run 
its  cycle  tt  will  operate  two  high-voltage  relaye,  one  immediately  and  thosecand  only  if  the  input, 
to  the  regulator  la  correctly  Interlocked,  The  first  high»voltage  relay  will  connect  the  output' of 
the  regulator  to  the  transmitters  and  to  the  voltage  sampling  circuits,  and  the  second  will  connect 
the  regulator  input  to  the  main  high-voltage  supply,  The  first  relay  ts  Interlocked  With  the  reg¬ 
ulator  output  control  so  that  the  output  cannot  bo  switched  to  the  transmitters  unless  the  regulator 
output  control  Is  sat  for  zero  output,  Hence,  the  voltage  must  be  recycled  to  zero  in  order  to 
apply  high  voltage  to  the  transmitter.  The  regulator  control  unit  contains  two  Identical  high- 
voltage  sensing  circuits  controlling  two  separate  relays,  One  closes  when  1000  volts  Or  more 
i.l  present  at  the  regulator  output;  the  second  opena  n  holding  ctrcull  and  shuts  down  the  htgh- 
voltage  system  whenever  a  preset, upper  limit  haa  been»reached,  The  Becond  one  Is  a  safety 
feature  while  the  first  one  ts  used  to  complete  the  driver  control  sequencing  described  tn  Seo,E«2 
of  this  chapter. 


SOLID  STATE  MODULATOR  STUDIES  FOR  100-kw  PHASED 
ARRAY  TRANSMITTER  TUBE 


M,  Stegol 


The  expected  application  of  phased  arrays  to  long-range-dlecrlmtnatton  radars  has  changed 
the  requirements  normally  placed  on  the  modulator  of  the  transmitter.  The  requirement  for 
both  high  sensitivity  and  range  and  Doppler  resolution  has  dictated  the  ufeo  Of  pulse  trains  for  . 
the  transmitted  waveform.  To  achieve  the  required  resolution,  the.  pulse  repetition  frequency 
(prf)  within  a  given  pulse  train  must  be  very  high,  and  the  individual  pulses  In  the  pulse  train 
should  approximate  impulses  in  so  far  as  the  stute  of  the  art  will  permit. 

A  first  approximation  to  a  potentially  useful  pulse  train  might  consist  of  a  pulse  'rain  made 
up  of  perhapa  30  pulses  of  100-nsec  pulsewidlh,  separated  tn  time  by  as  little  as  to  psec.  Future 
improvements  on  this  pulse  train  might  conBist  of  narrowing  the  pulsewidlh  of  the  individual 
pulses  from  100  nsec  to  iOnsec. 

Because  the  amount  of  average  power  to  be  handled  by  these  arrays  will  be  very  large 
(perhaps  many  megawatts),  the  modulation  efficiency  should  be  as  high  as  possible.  For  this 
reason  and  since  very  fast  rise  and  fall  times  will  be  required,  "plate"  modulation  has  been 
ruled  out,  and  low-level,  or  grid,  modulation  with  the  highest  mu  reasonably  obtainable  is  being 
considered  (see  Part  3,  Ch.III). 
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Since  Lincoln  Laboratory  la  subcontracting  the  development  of  a  traveling-wavo  tube  (TWT) 
(or  phased  array  evaluation  purposes,  the  modulator  requirements  for  a  typical  high-powered 
't'WT  have  been  examined,  it  being  understood  that  some  of  the  requirements  for  a  TWT  mod¬ 
ulator  would  be  somewhat  similar  to  modulator  requiremen|s  for  other  types  of  power  amplifiers, 

■  The  ’00-kw  traveling-wave  tubes  being  developed  require  anode-lo-cathode  voltages  of 
approximately  23  kv  with  the  cathode  grounded  and  the  collentor  at  a  positive  potential,  The  grid 
modulator,  therefore,  rests  at  cathode  potential  and  does  not  have  to  float  at  high  voltage,  This 
eliminates  isolation  transformers  and  reduces  stray  capacitance,  The  modulator  output  pulse  la 
required  tc  move  fount  a  150 -volt  negative  bias  to  approximately  250  volts  positive,  for  a  total 
swing  of  400  volts.  The  grid  capacity  is  expected  to  be  approximately  50  ppf,  and  the  grid  current 
.during  the  pulse  is  4  to  8 amp,  ; 

Since  it  may  be  desirable  to  provide,  for  each  transmitter  module,  a  separate  modulator 
having  good  reliability  and  life  characteristics,  it  was  decided  to  attempt  to  make  each  modulator 
a, solid  state  unit,  The  concopt  of  having  an  Individual  modulator  for  each  module  will  be  useful  - 
if  it  la  necessary  in  building  a  large  array  to  have  the  timing  of  the  video  modulation  correspond 
to  the  pointing  delay 

The  devices  investigated  for  use  as  the  awttoh  in  tTie  modulator  etroutt  Included  ailieon- 
, controlled  rectifiers  (SCR's),  avalanche  transistors  and  4-layer  diodes. 

At  the  present  tlmo,  4-layer  diodes  si.rdar  to  the  Shockley  4E-2O0  scries  and  transistors 
Similar  to  the  Western  Electric  2(41765  are  being  tested  in  this  modulator,  The  baslo  problems 
that  beset  theso  solid  state  devices  when  used  as  fast  high-power  switches  Involve  the  following! 

(f)  Breakover  voltage 

(2)  Peak  current  limitation  ■’!" 

(3)  j| Turn-on  time  (rtBe  tlmB  and  pulse  delay) 

(4)  'Turn-off  time  (fall  tlmo  and  recovery  time) 

„  .  ''  (5)  Rats  effect  , 

(6)  Reliability  and  reproducibility  vs  age  and  temperature 

Since  it  la  not  a  requirement  to  have  variable  pulsewidth  capability  in  the  desired  pulse  train, 
the  use  of  a  delay  line  modulator  is  quite  feasible,  Also,  since  standard  anant  charging  of  this 
delay  line  ts  not  compatible  with  state-of-the-art  switches,  and  roststive  charging  is  not  able  to 
meet  the  fast  recharge  requirement  demanded  by  the  high  phi,  the  type  of  recharging  that  was 
decided  on  as  being  the  only  feasible  one  was  recharging  the  dciay  line  through  a  Berios  switch. 

it  should  be  mentioned  that  the  main  reason  for  discarding  the  standard  resonant  recharging 
network  was  that  the  value  of  the  inductance  required  to  resonate  with  the  effective  capacitance 
of  the  delay  line  to  recharge  the  delay  line  was  entirely  Incompatible  with  the  value  of  Inductance 
needed  to  reduce  tho  current  through  the  shunt  switch  to  a  value  less  than  Its  holding  current 
(the  holding  current  ts  that  value  of  current  below  which  the  switch  will  open  up,  that  ts,  become 
a  high  impedance). 

A  further  Improvement  on  the  sericB  switch  recharging  circuit  would  be  the  addition  of 
resonant  rec..urging.  'This  addition  is  made  primarily  to  improve  the  efficiency  of  the  recharg¬ 
ing  network,  since  if  the  scries  switch  is  used  without  the  resonant  circuit,  the  modulator  re¬ 
charging  circuit  would  be  limited  to  the  standard  50  percent  efficiency  of  any  RC  charging  network. 
In  this  manner  the  efficiency  can  be  increased  to  that  of  an  LC  resonant  network.  The  type  of  cir¬ 
cuit  that  was  examined  first  is  shown  in  Fig.  2-4  46. 


..Triggering  Procedure;-  A  few  microseconds  before  an  output  pulse  was  required,  Sj  would 
be  triggored  to  close,-  charging  the  pulse  “forming  network  (PFN)  through  S,  and  the  parallel  com¬ 
bination.  of  the  load  and  the  load  diode,  As  soon  as  the  1SPN  was  recharged,  S,  would  open  be- 
causei'of  the  reverse  voltage  piaoed  across  it  from  the  delay  line  reflection  produced  by  properly 
mismatching  the  7.-,of  the  i.lelay  line  to  |jhe  load  impedance  z  .  At  this  time  Sg  would  be  frigi 
gered  to  close,  thus  discharging  the  PPN, through  S2  and  faL  and  producing  an  pntjiut  pillar. ‘ 

Again  because  of  the  mismatch  between  the  Zc  of  the  PI*'N  and  Zj  ,  a  reverae  voltage  would  be  > «, 
placed  across  SJ(  thus  helping  it  to  shut  off,  The  entire  modulator  would  thsft.awsft  the  arrival  1 
of  another  trigger  to  Sj  just  before  a  new  pulse  is  required  from  the  output,  and  the  probes* 

Would  ropbat,  it  should  be  noted  that  one  triggor  is. all  that  la  nocessary  to  generate  art  output  ., 
pulse  even  though  Sj  and  S2  are  sequentially  triggered,  since  the  delay  between  triggering-Sjjuid 
Sa  Is  fixed  and  can  be  intornaily  generated,  The  problems  associated  with  this  modulator  stem1 
from- switch  limitations  described  below,  / 

■/  ■  it 

Switch  Uimilatjons!-  Initially,  it  lo  desired  to  aehievo  output  pulse  rise  times  of  100  nseoj 

.10 -nsec  rise  times  are  the  ultimate  goal,  The  best  rlao  times  that  wbro' achieved  experimentally 
.with  the  4-layer  diodes  tested  were  100  nsec  into  primarily  resistivo  loads.  When  capaoltive 
loads  are  used,  the  rise  lime  will  probably  be  even  poorer,  ,.The  3-Junction  transistors  (Western 
Electric  units)  that  were  tested  had  rise  and  fall  limes  of  50  nsec,  again  into  essentially  resistive 


I3oth  the  4-laycr  diodes  and  the  3-junctlon  transistors  can  be  placed  in  series,  provided 
compensating  Rt?  networks  are  used  across  them.  I-Icnce,  both  are  able  to  withstand  the  full 
voltage  without  breaking  down.  The  4-layer  diode  has  a  200-volt  breakdown  voltage,  while  the 
3-jimetlon  transistor  has  up  to  n  400-volt  breakdown  voltage.  Parallel  operation  of  these  units 
ta,  tn  general,  not  recommended  because  of  the  difficulty  in  balancing  currents  through  the 
individual  units,  The  4-layer  diode  units  were  rated  at  20  lo  30  amp  peak,  while  the  3-junction  !■ 
transistorH  were  rated  to  50amp  peak. 

'['ho  only  solid  state  devices  that  appear  to  lie  faster  at  present  (but  which  have  less  peak 
current  capability)  arc  some  avalanche  transistors  that  can  switch  from  0  to  2  amp  in  a  few 
nanoseconds,  The  peak  voltage  of  these  devices,  however,  is  considerably  below  the  required 
voltage.  Scries  arrangements  of  these*  wilt  be  tested  in  the  Allure, 

Thus  far,  one  of  the  most  troublesome  problems  with  these  switohes  lias  been  recovery 
time,  The  best  of  these  devices  lake  2  or*  3pst*c  lo  recover  and  the  worst  takemore  than  iOpsec. 
it  has  been  difficult,  therefore,  lo  gel  these  switches  to  run  at  100-kcps  rates,  where  only  5  psec 


Is  nlloited  lor  each  awitch  (Mj  and  S^)  to  fire  and  completely  recover  (Sj  fires  and  recovers  in 
5  psec;  then  S  fires  and  recovers  in  the  remaining  5  psec  to  make  a  total  of  lOpsoe,  or  1  pulse 
repetition  period  at  lOOkcps). 
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Koto  Effect:-  Another  difficult  problem  arises  due  to  a  phenomenon  known  an  "rate  effect." 
Since  SCft's  and  4-layer  diodes  are  charge- operated  devices,  i.e,,  their  relative  impedance-  is 
determined  in  part  by  the  quantity  of  charge  in  the  vicinity  of  the  junction  area,  they  can  be  trig¬ 
gered  from  u’ihlgh  impedance  to  a  low  Impedance  ndl'  only  by  incrsgsjing.Ule  .voltage  .across  them 
to  u  voltage  higher  than  their  breakover  voltage,  but  also  by  the  displacement  current  resulting 
from  a  rapid  rate  of  chang“  pf  voltage  across  their  terminals  .(hence  the  name  "rale  effect"),  v. 
TypicRlly,  spurious  switching  will  occur  In  the  device  at  a  voltage  as  low  as  onu-half  or  less  of 
its  breakover  vJltage  if  the  voltage  is  applied  lo.it  too:  rapidly.  A  typical  device  might  switch  at 
40  percent  below  its.normai  breakover  voltage  If  dV/dl  Is  of  the  order  of  20  volts/psec:,  It  hap¬ 
pens,  therefore,  that  when  S.,  is  required  to  close  in  nanoseconds  and  S(  is  expected  to  be  open 
-(high-lmpadanee)T-the-&lo8ing-of-i<32_a]sQ-cl6sea-S-j  because  of  the  rate  cffeetT- The  power  it  ..ply 
then  shorts  to  ground  through  both  SC’ft's  and,  since  Ihere.cgn  be  little  resistance  in  the  charging 
circuit  or,, discharging' circuits  (because  of  effort's  to  minimise  ollVA#  and  discharge  time  cor-  - 
stents),  a  current  greater  than  the  holding  current  flows  through  bolbSj  and  S2  to  erntipd,'  and  It 
is  impossible  to  turn  either  of  these  devices  oIT.  It  is  nppnrent  thnt  soma  sort  of  filtering  action 
la  needed  io  isoiste  the  dV/d*  across  from  S2,it)and  vice  versa.  ,K '•  -  . '>v 

--A-.modtffetl  version  of  the  seriesSswltch “Sharglng  circuit1  described  above  makion  use  of  reso¬ 
nant  charging  to  improve. the  efficiency  of  the  recharge  network  and.  also  provides  filteringVcUon 
between  the  switchos,  minimizing  rate  effect  b,pl,h  iSn  discharge  and  recharge  (boo  Pig.  2- i  17), 
Note  that  when  Sj  in  fired,  the  maximum  voltage  gradient  pShoed  across  S2  1h  determined  by  the 
resonant  circuit  composed  of  L,  ,C,  nnd  CpFN;  oonvoMstly,  when  S2  la  fired,  the  maximum 
voltage  gradient  placed  across  Sj  is  also  determined  by  the  resonant  circuit.  This  is  indicated 
in'Fig.  2-M7.il  '  ■  .  ’  .  '  '■  "  ■ 

These,  then,  (yre  some  of  the.  tyaelq  problems  associated  with  switching*  and  modulation  when 
vory  fast  pulses  ape  required  at  high  rtfpot It ion',I ( re qu eri c ie a  and  moderate  voltagle  level*  and 
currents.  ,, 

The  present  lavol,  of  aclUevement!;  with  the  series-switch,  shunt-switch  delay  1.  •»  modulator 
hns  been  the  attainment  of  1,5-nmp,  Gaussian -Rhaped,  100-nsec  pulses  (50-nsec  rise  and  fall 
lime)  Into  5.0  ohms  at  lOOkcps  or,  alterna lively;  4*amp,  Gtaisslan-shaped,  lOO-nsec  pulses  Into 
50 ohms  at  lOkcps.  Typical  waveforms  are  shown  in  Fig.  2-118;  and  Fig.  2-119  is  a  photograph 
of  a  printed-circuit  type  of  experimental  modulator. 

G.  HYBRID  ARRAYS  FOR  GREATER  BANDWIDTH  1  U  Cartledgo 

System  studies  indicate  that  signal  bandwidths  as  great  as  10  percent  at  L-band  might  be 
required  of  high-power  '<rpay  radars.  This  bahdwidlh  is  too  large  for  a  simple  phased  array, 
one  where  all  steering  delays  are  modulo  Zn  radians,  if  the  beamwidth  is  to  be  much  smaller 
than  about  5*.  *  The  classical  solution  to  this  problem  is  to  replace  the  phase  shifters  with  true 
time  delay  shifters.  Time  (Inlay  shifters  have  at  least  two  significant  disadvantages.  First, 
the  precision  required  cor  ’csponds  to  the  number  of  beam  positions  to  be  usee!  and,  second,  the 
introduction  and  removal  of  many  wavelengths  of  delay  cause  undesirably  large  changes  in  the 
loss  through  the  shifter. 

The  hybrid  array  (which  is  not  presented  here  as  a  new  idea)  suggests  itself  as  a  reasonable 
compromise  solution.  It  ear.  be  developed  by  dividing  a  large  phased  array  into  subarrays  small 
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Fig.  _2-  1 1?.  11  Modified  reionanl  charging. clrc., 
with  rate-eompeniatlng .filter,' 


PuUe  Voltagei  250  v 

Puli*  Cur.'.'nti  5.0  amp 

Poll*  repetition  frequencyi  I  kepi 


Pull*  Voltages  40  v  ;| 

Puli*  Current)  I1, 2  amp  \ 

Pull*  repetition  frequency li.  100  kepi 


Fig.  2-118,  Typical  waveformi, 


Fig,  2-llF.  Experimental  lolid  state  modulator, 
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enough  ao  that  buildup  time  la  not  a  problem;  The  individual  subarraya  could  then  be  driven  by 
true  time  delay  shifters,  This  arrangement,  (depicted  for  a  linear  array  In  Fig.  ’  -120)  would 
reduce  the  number  of  costly  and  complicated  time  delay  afuftet  ?  required  and,  hence,  would 
reduce  the  penalty  In  efficiency  and  complexity  paid  for  added  bandwidth,  The  actual  reduction 
l  ji»  numbs*  of  deiayTjhlftera'  thaf  can  be  realised  in  this  way  would  vary  wiflTfretjuenby,'  band¬ 
width  and  the  amount  of  density  tapering  that  is  done.  If  any.  As  density  tapering  becomes  more 
extreme,  the  number  of  active  elements  per  subarray  deoreases,  Thus,  a  saving  amounting  to 
a  factor  of  So  could  probably  be  realised  In  ;,i  moderately  tapered  array  (20-db  ildelobes).  I 
i  ",  If; the  transmuted  signal  is  a  simple  amplitude -mod dialed  signal  like  a  train  of  Short  pulses  11 
and  if  the  final  amplifiers  can  be  modulated  fast  enough,  wide  signal  bandwidth*  can  tie  realized 


I'!/ 


by  phase  shifting,  the  fiF  'cnrrleh introducing  the  appropriate  steering  tielay  into  the  video 
paths  to,  the  various  ampltfl..n!l.  ft  should  be  noted  that,"  regardless  of  the  steering  system  piled, 
the  modulation  must  be  delayed,  if  the  transmi/led  pulses  are  short  dompared  to  the  bii{lltip,,*.<he 
of  the  array,  in  order  to  preserve  the  over-all  efflcienoy  of  the  transmitting  system, 

Jl.  POWEK*  AMPLIFIER  TUBES  FOR  PHASED  ARRAYS  :  ,  L,  Cartledgs 

requirements  for  a  phased  array  amplifier  tube  were  listed  in  n  previous  report/  These  » 
requifsmeMi  ban  be  summarized  as  follows;  i  On;-  kw ,  pagk-power  output  at  it  percent  duly  at 
iLs.hattd,_'||».Uh  10  percent  bandwidth  and  phase  and  amplitude  stability  suitable  for  use  in  phased 
arrays/  "In  addition,  low-level  modulation  is  required  for  pulsewidths  from  0.1  pseo  to  fOOpaeo, 
and  the  lube  must  he  Small  so'jHdt  it  could  fit  Into  a  square  hole  1/2  wavelength  on  a  aide, 

The  duvelqpmenl  of  a  high-perveance  travelihg-wave  tube  to  meet  these  requirements  was 
initiated,  The  problem  was  complicated  somewhat  hy  the  decision  to  develop  an  "inverted"  tube, 
1,9,;  this  TWT  Is  to  Operate  with  its  cathode  at  ground  potential  and  with  the  high  voltage  applied 
to  the  slow  wave  structure  and  tho  collector,  Several,  experimental  tubes  hgve  been  built  under 
this,  program,  and  problepis  involving  the  gun  doBlgn,  slow-wave  structure,  DC  insulation  and 
arc-bver,  output  window  design  ttnd  mechanical  structure  havo  been  solved,  it  has  not  been 
possible  as  yet  to  focus  the  beam  adequately  with  permanent  magnets  in  the  small  space  allowed 
(4  l/2-lnch  diameter).  This  development,  being  carried  on  by  the  Watkins  Johnson  Company  of 
Palo  Alto,  California,  is  continuing/  •  • 

Other  tubes  with  comparable  power  and  bandwidth  either  aro  being  developed  or  have  been 
proposed.  One  forward-wave^  and  one  backward-wnve®  crossed  -fiold  "amplifier"  are  presently 
under  development,  and  trlode  configurations  similar  to  those  of  some  existing  super-power  UHF 
tubes  have  been  proposed/  • 


"TR-236,  p.  105. 
fTR-236,  Part  2,  Ch,  III. 

$  J.  W.  Sedin  and  K.  W.  Slocum,  "A  Grounded-Cathode  L-Band  Pulsed  TWT  Amplifier,"  Conference  Paper 
presented  at  the  Electron  Devices  Meeting  of  the  IRE,  PGED,  Washington,  D.  C.  (25-27  October  1962). 

§  H,  McDowell  and  A.  Wilezeck,  "An  L-Band  Crossed  Field  Amplifier  Chain,"  ConforencB  Paper  presented  at  the 
Electron  Devices  Meeting  of  the  IRE,  PGED,  Washington,  D,  C.  (25-27  October  1962), 

(I Raytheon's  QKS-1012.  See  L.  Clampltt,  M,  Huse  and  V/.  Smith,  "Measurement  of  Phase  Characteristics  of 
High-Power  Microwave  Tubes,"  Conference  Paper  presented  at  the  IEEE  National  Convention,  New  York 
(March  1963), 


I  RCA's  proposed  A—  1 51 97 ,  for  example. 
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SUMMARY  \  y,  ..  . .  ..  1(  . .  ..  ......  .  . . . . ; 

’’  'L  , 

This  chapter  is  devoted  to  a  description  of  the  spoclal-purpose  test  equipment  developed  for 
use  with  the  experimental  phased  array  test  facility,  The  equipment  described  reflects  a  gradual 
shift  In  cmphaalp  from  proving  the  feasibility  of  arrays  (the  automatic  monitoring  equipment!  to 
designing  arrays  with  high  all-around  capability  (tho  short -pulse  teat  equipment). 


A.  INTRODUCTION- 


ii 


The  special -purpose  test  equipment,  which  was  developed  to  simplify  the  performance  mon¬ 
itoring  and  component  tostlng  of  experimental  phased  arrays,  has  been  described  in' previous 
reports,’1'  t  The  first  part  of  this  chapter  cavong  the  Improvements  made  since  those  reports 
were  ^written.  (  "" 

fho  baslc  tost  system  consists  of  four  units:  a  coherent  frequency  Synthesiser,  aivatUomatlo 
data  prtntor,  an  IF  sampler  end  an  automatic  phasemeter, t  Of  thebe,  the  first  two  have  had  the 
widest  use  and  have  boon  changed  most  since  last  described^  Consequently,  they  alone  are  re- 
..viewed  hero,.  ■■  'v  ..  ..  ."«*  . 

The  automatic  data  printer  is  described  first,  it' is  muoh  more  versatile  than  earlier  ver¬ 
sions  ind  should  be  adequate  for  all  anticipated  ruture  needs,  The  discussion  then  shifts  to  re¬ 
cent  changes  In  the  coherent  frequency  synthesiser,  which  provides  more  independent  outputs 
at  each  frequency  as  well  as  short-pulse  capability,  The  remainder  of  the  chapter  covers  the 
results  of  a  very  .redent  foray  into  the  realm  of  short  pulses  and  lorgo-aignal  bandwldths.  The 
.  Interest  in  short  pulses  is  Indicative  of  lessening  concern  with  the  mechanics  of  arrays  (achieving 
sufficient  stability)  and  an  Increasing  concern  with  performance  (e.g.,  providing  enough  bandwidth 
for  sophisticated  signal  design),  '  .  |i  ' 


B.  AUTOMATIC  DATA  PRINTER 


1.  Introduction 

The  automatic  data  printer  la  a  digital  data  recording  system  consisting  of  a  digital  voltmeter 
an  Input  scanner,  a  servotyper  and  a  control  unit.  The  control  unit  provides  sufficient  opera¬ 
tional  flexibility  to  allow  variable  print -out  format,  control  of  external  switches  such  as  an  IF 
sampler, t  and  programming  of  test  variables  during  a  data  run,  The  automatic  data  printer  Is 
also  capable  of  controlling  an  IBM  summary  punch  to  provide  punched  card  records  of  channel 
amplitude  and  phase  tn  an  experimental  array.  These  cards  may  be  processed  in  a  computer  to 
determine  the  array  rms  phase  and  amplitude  errors  vs  time.t 


*  J.  L.  Allan,  sigh,  "Phased  Array  Radar  Studies,  1  July  1959  to  1  July  1960,"  Technical  Report  No.  228  [U) , 
Lincoln  Laboratory,  M.  I.T.  (12  August  1960),  ASTIA  249470,  H-336, 

t  J.  L.  Alien,  ft  ah,  "Phased  Array  Radar  Studies,  1  July  1960  to  1  July  1961 ,"  Technical  Report  Na,  236  (U) , 
Lincoln  Laboratory,  M.  I.T.  (13  November  1961),  ASTIA  271724,  H-474. 

t  A  program  was  written  by  N.  A,  Douceti  of  Group  41  and  has  been  used  to  process  the  results  of  several  tests. 
See  Part  I ,  Ch.  II ,  See,  G-l  of  this  report  and  also  J.  H.  Teele,  "Operational  Characteristics  of  16  Electron- 
Beam  Parametric  Amplifiers  in  a  900  Mops  Phased  Array, "  41  G-l  |U),  Lincoln  Laboratory,  M.  I.T.  (6  August 
1962),  ASTIA  288223,  H-444. 
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Fig.  2-1 21 .  Automatic  data  printer. 


06/27/62-11140-1.1  -0.211  1,2  -0.307  1.3  -0.380  U  -0.538  L5  +4.138  . 

<11  +0.162  A2  +0.167  A3  +0.161  A4  +0.166  A5  +0,179  A6  +0.177  A7  +0.166  A8  +0.165 
1'1  -0.048  P2  -0.048  I'3  -0.077  IJ4  -0.039  P5  -0.010  P6  +0.030  P7  -0.110  P8  -0.088 
Fig.  2-122,  Sample  output  record. 


S'.  Over-All  Description  „ 

The  moat  1'eeqnt  version  of  IHc  automatic  data  printf"  la  shown  In  Fig,2-i21.  The  aalonoid- 
operatcd  typewriter  Is  at  the  top,  On  the  left  ,  from  lop  lo  bottom,  tire  the  digital  date  clock  anti 
the  digital  time  clock.  To  the  right  .pro  the  control  anlt,  the  input  scanner  and  ah'  AC-to-DC 
converter,  — - :: _ ) _ .  . . . . 'jj  -  •-  , 


i 

1 - — 


3,  ■  Output  Format 

..  fi  ,  •  ....  •  "  .  !|  ^.|  •• 

A  sample  of  the  output  mmwl  from  an  actual  data  run  is  shown  in  Fig,  2-122,  The  complete  ■ 
act  of  readings  taken  at  one  clock  time  ta  referred  to  an  ILdato  set.  Tito  dais  set  Is  further  di¬ 
vided  Into  data  groups  and  Individual  readings.  As  shown  tn  Fig,  2-122,  the  date  and  time  of  day 
"irfTpr lhfetroiioorirer  clittTnret~TttijyTrre'  ffiHowed  by-the’  flrst-dala-gronpj  -In-  this-  ease  ,b  roadlngs- 
wlth  Li -prof Ikes  whloh  Signify  laeal  osUllator  and  that  signal  levels ,  The  aucoml  data  grdup  con¬ 
sists  of  eight  reading*'.  Uni  signal  ampiitudos  of  night  receivers  uhdsrgaing  te.it  in  a  ujatraiik.  . 
The  third  data  group  displays  iho  phase  of  the  eight . receiver  outputs.  Wlth.rospeot  to  airefe'rence 
channel,  Tito  readings  shown  thusv  bo  multiplied  by  appropriate  shale  factors  (wnlch  are  deter  - 
mlrifcd  at  the  beginning  of  a  run)  In  order  lo  arrive  at  the  actual  amplitude  and; phase  values, 


4,  Control  Unit 


Tho  control  unit  cohlalna  two  stcpplng-swttoh  subnsacmbltoi  driven  by  n  so'ff-oonlatned  power 
eupply  and  pulsor,  Tho  npornUng  program- Is  do'ter’mlno'ii  by  fronJpaniV: controls  and  also  by  iwo 
patch  panels,  ono  aeoo.satblc  dram  the  front  and  one  located  Lnatclc,  A  clpac-up  view  of  Ihtti  front 
panel  ts  shown  In  Fig,  2-123(njjJ  The  left  side  of  die  ipanol  Contains  a  power  switch,  a  start  button, 
n  switch  that -controls  the  number  of  datn  groups  (from  i  to  9)  and  foyr  awiteho*  that  control  the 
at ?.o  of  tho  flral  four,  data  groups  (1  to  2-1  readings  each),  The  rlghtistdo  houses  a  patch  panel 
used  lo  program  addlltonni  dnta  groups  and  tho  (up  to)  throe-character  code  that  Identifies  each 
reading.  Figure  2-123(1;)  shows  a  view  of  tho  Inside  of  the  control  unit.  Tho  power  supply/pulsor 
unit  Is  to  tpe  left,  and  one  of  the  slepptng-swttch  subnsBomblloB  ts  Immediately  behind  the  front 
panel.  The  other  aubassombly  ts  at  the  rear  of  the  control  unit. 

5.  Input  Scanner 

The  Input  scanner  contains  mhilnlurd  relays  that  are  onor gleet)  by  tho  control  unit,  The  re- 
la, ’.s  provide  switching  of  two  poles  to  21  postllons  tn  stop  With  tho  reading  number  (tn  each  data 
group)  and  switching  or  another  two  poles  to  nine  positions  in  conformance  with  tho  group  number. 
A  clasc-up  of  tho  input  scanner  front  panel  ts  shown  in  Fig.  2-124, 


6.  Digital  Date  Clock  and  Timer 

A  front  panel  view  of  the  digital  date  clock  and  timer  is  shown  in  Fig.  2-125.  The  digital 
date  clock  is  a  stepping -switch  unit  that  is  advanced  daily  by  UlC  digital  time  clock  to  provide  a 
digital  readout  of  (lie  day  and  Iho  month.  II  also  provides  contact  closures  so  that  the  day,  month 
and  year  can  bo  printed  out. 

The  timer  section  sends  a  "start -reading"  pulse  ,D  ti  e  control  unit  at  chosen  intervals  of 
from  one  minute  to  one  hour.  Tills  pulse  is  synchronized  with  the  digital  lime  clock  so  that  the 
latter' s  time  change  does  not  occur  while  the  time  is  bring  printed,  If  a  channel  is  noisy,  the 
digital  voltmeter  does  not  sehlo  within  a  preset  interval;  therefore,  another  timer  is  provided 
to  advance  the  control  unit  to  another  channel. 
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;  7.  Power  Supply/Pulaer  Unit  and  Machine  Timing 

1  The  power  supply/pulser  subassembly  Is  located  Inside  the  control  unit  [Fig,  2-123(b)|.  It 
supplies  24  volts  DC  for  indicator  lights  and  relays  aB  well  as  two  separate,  but  related,  pulsed 
24-volt  outputs,  Figure  2-126  shows  the  timing  of  these  pulses  relative  to  stopping-Bwitoh  mo¬ 
tion  in  the  control  unit.  The  P34  stands  for  pulsed  24  volta  and  la  ushd  to  advance  all  stepping 
switches,  Since  the  stepping  switches  move  only  after  the  energising  (or  cocking!  pulse  is  gone, 
the  same  F24  pulses  can  be  used  to  actuate  the  solenoids  of  the  aervoiyper  for  print-out  of 


fig,  2-126,  Moehln#  timing  dlogrom. 

The  servotyper  Ulus  prints  under  the  control  of  a  particular  stepping-  switch  position  before 
the  stepping  switch  moves  to  the  next  position.  No  inductive  circuits  are  broken  while  (full)  cur¬ 
rent  is  flowing,  so  arcing  is  minimized.  The  AP24  (anttpulao  24)  is  another  set  of  pulses  inter¬ 
laced  with  the  P24  pulses  In  such  a  way  that  they  also  poour  during  periods  of  no  atepplngrswitah 
motion  (see  Fig,  2-125).  These  pulses  are  used  solely  to  actuate  the  servotyper  red-i ibbon/black- 
rlbbon  and  upper-ease/lower-case  aolenolds,  By  using  AP24  tt  is  possible  lo  change, to  upper 
case  (for  example)  very  shortly  after  moving  to  a  new  stepping-switch  position,  then. print  n 
character  while  cocking  the  stepping  switch  to  advance  it  to  the  next  position, 

8.  Summary  of  Special  Features 

The  special  features  of  the  automatic  data  printer  are  summarized  below: 

(a)  Print-out  of  both  date  and  time  makes  possible  positive  identification  of  each 
reading  set. 

(b)  Three  characters  can  be  programmed  for  each  reading  to  serve  as  an  iden¬ 
tity  code. 

(c)  Nine  data  groups  of  one  to  24  readings  each  can  be  printed.  Tho  length  of 
each  group  is  independently  controllable. 

(d)  The  input  scanner  is  relay-operated  and  can  be  remotely  located. 

(e)  Key  test  variables  can  be  programmed  during  the  test  by  the  control  unit. 


•  r~  - .. ..  . 


(0  Tlic  control  unit  can  provide  one-way  control  of  auxiliary  switches  (such 
as  an  IPs;  nnlep)  through  Its  throe  output  pulses:  advance  pulse  (after 
each  readl'-'ji,  reset  (after  each  data  group)  and  final  reset  (after  the  lost 

data  group i . 

(g)  The  stepping -a witch  mechanism  la  nonarclng  and  Is  unaffected  by  power, 
Interruptions, 


(h>  Provision  is  made  for  handling  auxiliary  inputs, 


(1)  A  iock-np  circuit  la  provided  that  slops  the  digital  voltmeter  from  cycling 
If  it  does  not  settle  within  a  preset  Interval,'  Such  an  occurrence  la  idea-  . 
lifiod  by  the  printing  of  a  small  o  (for  error)  tf  the  polarity  was  negative, 
and  a  capital  E  If  (ho  po  la  rtf'  was  positive.  If  the  voltmeter  was  on  "ratio? 
an  aster  isk  ts  printed  inatetftt  of  an  R,  lined  the  digital  voltmeter  cycles 
the  mast  significant  digits  first,  a  locked  reading  still  may  be  approximately 
,  correct.  ,,  ';,  ■_  _  _  _  _ _ 

(,l)  A  digital  time  delay  is  provided  by  an  Automatic  Electric  OCS  slapping  switch 
that  interrupts  the  cycle  cf  Ih.i  control  unit  whomever  a  aervotyphr  carrltlge 
return  ts  initiated,  This  prevents  loss  of  data  through  attempted  typing 
during  a  cartilage  return,  ’ 

(k)  In  addltloii  to  programmed  carriage  roturna,  an  automate  carriage  return 
ts  provided  when  the  aorvotypor  cpachna  the  rigjht  margin  stop, 

(l)  The  machine  tlmtngprovtdes  control  of  red  rlbbon/black  ribbon  gpd  tipper  1 
case/lower  case  bn  the  same  stepping-switch  position  that  prints  a  character, 

9.  atepping-Swltch  Pulser  ;  > 

The  stepping-switch  pulsar  is  pn  auxiliary  unit  that  contains  the  same  circuits  as  the  power 
supply/pulscr  of  the  control  unit,  Its  outputs  are  2d  volts  DC,  P24  and  AP24,  These  may  be 
used  to  check  stepping-awitoh  circuits  Or  for  any  other  application  requiring  2-amp  24-volt  pulses 
of  10  msec  to  4  sec  duration,  A  photograph  of  the  unit  Is  shown  tn  Fig,  2-127,  ' 


Fig.  2-127.  St«pping-»wltch  puller, 


C.  COHERENT  FREQUENCY  SYNTHESIZER 
1 ,  Introduction 

The  coherent  frequency  synthesiser  is  essentially  the  same  as  the  one  reported  in  TR-236. 
A  few  changes  are  in  process  that  will  extend  the  ur  ".fulness  of  the  synthesizer;  these  are  de¬ 
scribed  in  the  following  sections. 
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2.  Substation  Concept 


The  present  synthesizer  has  six  isolated  outputs  si  each  frequency  except  870  and  90QMcps, 
This  number  was  found  to  he  too  small  to  provide  for  the  local  oscillator  needs  ofJ(the  experi¬ 
mental  test  array  and  receiver  lost  rack  and,  in  addition,  supply  a  number  of  outputs  for  special 
requirements.  Accordingly,  it  is  planned  lo  use  the  basic  synthesizer  moduletj  to  build  a  master 
frequency  synthesizer  that  will  feed  a  number  of  substations  located,  at  the  various  teat  sites, 

The  substations  will  amplify  and  power-split  each  frequency  to  provide  a  number  of  Independent 
outputs  sufficient  to  meet  local  test  needs, 

3.  Extension  to  80  Mcps 

A  doubler  module  has  been  built  that  accepts  30 Mcps  and  doubles  U  to  60 Mops,  This  60 Mcps 
Is  I  hen  amplified  tn  a  60-Mopa  power  amplifier  module  to  provide  2  watts  of  output.  The  60  Mcps 
is  required  for  testing  wideband  receiver  components  with  ft  60-Mops  oenter  frequency.  These 
are  .described  tn  more  detail  at  the  end  of  this  chapter.  . •  .  ' 

4.  Up-Mixing  to  Provide  a  DOO-Mcps  Test  Signal 

The  old  synthesizer  obtained  an  81'0-Meps  LO  frequency  and  a  900-Mopa  test  signal  by  mul- 
ilplioaUon  from  a  30-Mcps  base.  Whon  900 Mcps  18  ho; .required  for  use  as  a  test  sigrial,  it  is 
best  that.  lt  be  turned  off  to  eliminate  leakage,  Also,  it  is  desirable  on  occasion  to  vary  the 
900Mcps  around  its  nominal  frequency  va)uo,  This  can  be  more  readily  accomplished  In  a  sys¬ 
tem  that  mixes  30Mbps  with  870Meps  to  obtain  the  900Mcps,  ■  y 

Some  experiments  were  conduoted  using  balanced  mixers  Intended  for  receiver  use,  The 
mixers  contain  onci  forward  and  one  reverse  diode  and  pWlde  a  30-Mcps  IF  output  wheh  sup¬ 
plied  with  900-  and  870-Mcpa  inputs.  If  the  reverse  diode  is  replaced  with  a  forward  diode,  and 
Ihe  mixor  is  driven  with  30  and  870Mcps,  the  following  typical  performance  is  obtained: 

Inputs  Outputs 

38  mw  at  870  Mcps  2,4  mw  at  900  Mcps  (desired)  , 

25mwat  30 Mcps  3.6  mw  at  870 Mcps  (undesired) 

Tho  mixer  exhlblls  a  10-db  conversion  loss  for  the  smaller  input  signal  and  a  10-db  suppression 
of  the  undesired  (870  Mcps)  input,  The  conversion  loss  can  be  reduced  by  increasing. the  ratio 
of  the  input  signal  levels,  but  the  total  dlodo  dissipation  per  unit  output  Increases.  Although 
bettor  performance  could  be  obtained  with  a  mixer  specifically  designed  for  this  application, 
particularly  with  respect  to  rejection  of  870McpB  in  the  output,  the  mixers  on  hand  work  well 
enough  to  be  useful , 

A  module  has  been  built  that  contains  a  buffer  amplifier  for  the  870-Mcps  input,  a  balanced 
up-mixer  and  an  amplifior/filter  following  the  up-mixer  output.  The  output  of  the  module  is 
SO  mw  at  900  Mcps. 

A  similar  module  has  been  built  to  provide  930  Mcps  (obtained  by  mixing  60  and  870  Mcps). 

5.  Generation  of  0.1-psec  RF  and  IF  Pulses 

A  requirement  arose  for  phase-coherent,  O.i-psec,  60-Mcps  IF  pulses  to  be  used  in  testing 
wideband  IF  strips  and  phase  deloctors.  This  requirement  motivated  some  experiments  on  a 
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PIN  diode  switch  to  determine  its  miUnhillty  as  ft  pulso  modulator  (soe  Part  2,  Ch.  I).  Initial 
mqnsuromoius  wore  mnclo  with  10  Mops  from  the  coherent  frequency  synthesiser  to  trigger  a 
Hewlett-Packard  sampling  oscilloscope,  The  iOMcps  waB  also  used  to  control  the  transmission 
of  the  diode  swltcli  for  n  930-Meps  slgnul  (also  derived  from  the  coherent  frequency  synthesiser), 
Figure  2-128  shows  a  30-naoc  HF  pulse  obtained  in  this  fashion,  ns  well  as  the  same  pulse  co- 
herenuy  mixed  down  iu  65-tvicps, ,  The  envelope  rise  and  fail  times  are  quite  good,  but  tho  phase 
during  the  pulse*  varies  considerably  as  a  reault  of  the  capacitance  variation  of  the  diode  (n  its 
reverse-bins  stale,  a  consequence  of  the  sine-wave  switching  waveform.  (The  diode  Is  off  when 
the. switch  ls  transmtttlng,) 
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fig.  2- 1 28.  RF  and  IF  pulisi  produced  by  a  diode  iwlteh  driven 
with  o  lU-Mopi  ilni-wave  switching  ilgnal, 

Alt  Improved  test  setup  Is  shown  In  Fig.,  2-129.  ten  Mops  in  used  to  trigger  the  sampling 
oscilloscope,  tyhloh  In  turn  triggers  b  0,1-psec  pulse  generator  (the  avalanche  pulser  deaerthed 
'  In  Soc.D-2  of  this  chapter),  The  pulse  generator  is  triggered  by  the  oscilloscope  sync  output 
so  that  the  p.  le  will  occur  shortly  after  sweep  start.  The  pulse  generator,  in  turn,  puls  out  a 
negative  O.i-paec  pulse  that  turns  off  the  diode  in  the  diode  switch,  allowing  the  switch  to  pass 
the  930-Mcpa  signal  from  the  balanced  up-mlxer/930-Mcpa  amplifier.  A  portion  of  the  resulting 
0.1-psoc  930-Mcps  pulse  ts  fed  16  channel  A  of  the  sampling  oscilloscope,  and  the  remainder  is 
coherently  mixed  down  to  COMcps  and  dlsplayod  on  channel  B.  The  resulting  oscilloscope  pres- 
ontullon  Is  shown  In  Figs,  2-i  30(a)  and  (b). 

Figure  2-1  30(a)  was  obtained  by  usj,ng  a  single-section  diode  switch  with  approximately  25  db 
of  rejection  in  the  off  state.  Figure  2-  130(b)  shows  the  result  of  using  a  2-sectton  diode  switch 
controlled  by  the  same  video  pulse  source  (the  avalanche  pulser),  The  rejection  is  much  better 
(about  50 db),  but  at  the  expense  of  slightly  higher  switching  transients. 

These  results  were  obtained  with  prototype  components  and,  therefore,  are  not  the  best  that 
can  he  achieved.  They  are  sufficiently  encouraging,  however,  so  'hat  a  permanent  facility  for 
generating  coherent  IF  and  11F  0,1-psec  pulses  is  planned.  A  multisection  diode  switch  will  be 
used  to  reduce  Lhe  switch-off  leakage  lo  less  than  60 db. 


1  This  can  not  be  determined  from  Fig.  2-128  but  was  measured  using  a  phase  detector  (Sec.  D-4  of  this  chap, or). 
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(a)  One-section  diode  switch.  •  (b)  Two-section  diode  switch. 

Fig.  2-130.  Diode  switch  characteristics. 
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D.  SHORT-PULSE  TEST  EQUIPMENT 

1.  Introduction 

The  recurrent  requirement  tor  defense  radars  with  evbr  improved  resolution  and  discrim¬ 
ination  capabilities  has  intensified  interest  in  sophisticated  signal  designs  with  large  time- 
bandwidth  products  (pulse  bursts  appenr  to  bo  quite  suitable).  Unfortunately,  it  is  difficult  to 
build  matched  filters  for  the  signals,  especially  if  some  flexibility  of  transmitted  waveform  is 
desired.  Another  serious  problem  is  posed  by  the  high  data  rates  produced  by  high-resolution 
signals. 

A  logical  approach  would  be  to  reduce  the  data  rate  by  selective  matching  to  the  particular 
,  range  nnd  Dappler-roaolutlon  cells  that  convey  the  maximum  target  information  tn  a  given  sit¬ 
uation.  The  system  should  be  flexible  so  that  as  the  target  situation  changes,  the  resolution  cells 
observed  dan  be  changed  also, 

The  teal  equipment  described  in  this  section  is  the  result  of  initial  efforts  directed  toward 
Jhe  development  of  a  ltnc  of  receiver  components  that  might  be  used  in  a  selectively  matched 
receiver/data  processor.  The  test  units  are  actually  more  aptly  described  as  accessories  use¬ 
ful  in  testing  wideband  receiver  components.  These  accessories  were  designed  wlih  emphasis' 
an  oompaclnosB,  convenience  and  adequacy  for  certain  specific  uses,  rather  than  extreme  per-  . 
formnneo  specifications,  The  equipment  built  thus  far  starts  by  generating  relatively  short  video 
pulses,  These  can  he  converted  to  IF,  power-split,  amplified,  multiplexed  or  phaso.detected. 
according  to  the  requirements  of  the  component  test  being  performed. 

2.  Avalanche  Pulser 

,  The  avalanche  pulser  (Fig.  2-131). was  built  to  serve  as  a  source  of  moderately  fast-rise 
short  pulses,  It  derives  Us  name  from  llio  use  of  a  2N709  transistor  in  ike  avalanche  break¬ 
down  region.  ,. ,  ow  of  switches  along  the  bottom  of  the  panel  permits  selection  of  auctions  of 
a  lumped  constant  charge  line  to  control  the  output  pulsewidth.  The  width  is  controllable  in  steps 
from  20  to  250  nsec,  as  shown  in  the  multiple  exposure  in  Fig.  2-132.  The  250-naee  pulse  is 
shown  by  itself  in  Fig.  2-t33.  Output  Is  a  negative  4.5  Volts  into  a  50-ohm  load.  The  pulser  may 
he  operated  in  three  modes;  triggered,  synchronized,  or  self-controlled  (free  running),  de¬ 
pending  upon  the  setting  of  the  repetition  rale  control  (the  heltpot  in  the  upper-right-hand  portion 
of  Fig,  2-131),  Ropotilien  rate  in  the  Self-controlled  mode  varies  with  pulsewidth,  and  ranges 

from  200kcpa  to  1  Mops  for  the  20-nsec  pulse  and  from  14  to  TOkcps  for  tho  250-nsec  pulse, 

,  V 

3.  Signal  Gate 

Tho  signal  gate  is  a  diode  bridge  that  is  switched  into  conduction  by  the  output  from  the  av¬ 
alanche  pulser  (applied  through  a  transformer).  Various  diodes  and  bridge  configurations  were 
tried  in  an  attempt  to  obtatn  the  best-shaped  output  pulse  and  a  minimum  of  CW  leakage  at  fre¬ 
quencies  up  to  60Mcpa.  Of  the  stock  diodes  available,  lN903's  performed  best.  In  a  ono-scctlon 
switch,  the  beat  leakage  level  obtained  (at  60Mcps)  was  —  30db,  This  performance  can  be  im¬ 
proved  by  cascading  gates,  but  at  the  cost  of  increased  complexity  in  the  driving  circuitry,  A 
photograph  of  a  250-nsec,  60~Mcps  pulse  is  shown  in  Fig.  2-134.  The  —30  db  leakage  level  is 
sufficient  for  many  tests,  including  IF  pulse  response  and  rise -time  measurements,  When  lower 
leakage  is  required,  the  gated  IF  amplifier  described  in  the  next  section  can  be  used. 
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4.  dated  IF  Amplifier 

A  photograph  of  a  gated  IF  amplifier  la  shown  In  Mg.  2- 1 35.  This  unit  has  40tacps  of  band¬ 
width  centered  at  60Mcps  (P'lg.  2-1 36).  It  can  be  switched  from  transmission  to  80 dh  of  rejection 
in  0.5 4soc  (Fig, 2-137),  The  IF  amplifier  functions  normally  when  no  gating  signal  la  applied  or 
when  the  gating  level  la  more  positive  than  - 4  volt.  The  IF  amplifier  is  turned  off  by  a  level 
more  negative  than -2  volts.  This  makes  it  compatible  with  moat  logic  including  Digital  Equip¬ 
ment  Corporation  (DEC)  login  levels.  The  gated  IF  amplifier  can  be  uaed  for  IF  switching,  multi¬ 
plexing  or  generating  I F  pulses  with  low  C W  leakage  (-  80 db).  The  rise  and  fall  time  la  adequate 
for  many  tests,  The  gated  1 F  amplifier  can  also  be  used  as  an  overlap  gate  for  the  signal  gate 
described  In  Sec.  0-3  of  this  chapter.  This  combination  provides  a  faat-rlae  IF  pulse  with  ex¬ 


tremely  low  CW  leakage,  except  in  a  small  region  around  the  pulse  where  the  leakagc  levsFir 


—  30 db,  A  schematic  of  the  gated  IF  amplifier  is  Bhttwn  In  Fig.  2 
of  a  wideband  amplifier  design  described  In  Pai'l  a,  Ch.Ul. 


138.  The  unit  la  an  adaptation 


5.  80-Mcps  Hybrid  Ring 

A  60-Mcps  hybrid  ring  (Fig,  2.439)  waa  constructed  from  73-ohm  coaxial  cable  in  order  to 
provide  port  lmpedancea  suitable  for  use  In  a  SO-ohm  system.  The  20-db  isolation  bandwidth  Is 
approximately  20Mcpa  and  the  devlcr  la  quite  useful  as  a  low -loss  power  apllttep,  The  sum  and 
difference  output  responses  to  a  260-noec,  60-Mcps  IF  pulse  are  shown  In  Fig,  2-440.  The  ver¬ 
tical  scale  or  the  sum  output  la  reduced  by  20  db  to  facilitate  comparison  with  the  difference 
output,  ■_  -- 


8.  Low- Pass  Filter 

A  need  arose  for  a  low-ovarshoot ,  low-pase  filter  that  would  block  60  Mops,  yet  have  a  rlae 
time  of  tho  order  of  25  nsec  for  use  with  1  OQ-nccc  pulses.  Various  designs  were  investigated, 
Including  maximally  linear  phase  designs.  The  design  aeleclbd  was  a  7-polo  ButterwoxHh ,  equal 
resistive  terminations  (chosen  to  be  50-ohm)  filter,  By  shunting  the  center  Inductor  with  a 
100-ohm  resistor,  the  filter  characteristics  are  modified  so  that  there  Is  practically1  no  overshoot 
(0,5  percent).  Other  valuos  of  overshoot  may  be  obtained  with  increased  resistor  values.  The 
filter  was  built  tn  a  coaxial  structure  to  provide  a  solid  ground  path;  the  resulting  unit  Is  shown 
In  Fig,  2*141,  The  filter  is  used  to  eliminate  carrier  components  from  the  outputs  of  phase  de¬ 
tectors  and  amplitude  detectors  that  must  respond  to  100-nsec  pulses.  It  can  also  bo  used  to 
shape  the  video  pulse  output  of  tho  avalanche  pulsar  to  produce  a  pulse  with  controlled  rise  and 
fall  times.  Since  the  design  can  bo  scaled  (in  the  sense  of  having  practical  realizations)  from  cut¬ 
off  frequencies  of  lower  than  200kcpa  to  at  least  30  Mops,  a  wide  variety  of  controlled  pulse 
shapes  can  be  obtained. 

Figure  7-142  shows  the  response  of  a  20-Mcps  cutofT  filler  (25Mcps  without  modifying  re¬ 
sistor)  to  a  100-nsec  pulse.  The  Input  la  shown  displaced  vertically  downward  with  respect  to 
the  output. 

The  Impulse  response  of  the  filter  was  measured  by  applying  a  250-nsec  "impulse11  to  a 
1/ tOO  frequency  scaled  model.  The  resulting  response  Is  shown  in  Fig,  2-143,  with  the  input  pulse 
superimposed.  The  vertical  scale  for  the  input  pulse  ts  2  volts/cm,  whereas  that  for  the  output 
pulse  is  0.2  volt/cm.  The  time  scale  In  the  photograph  is  0.5psec/cm,  which  should  be  Inter¬ 
preted  as  5 nsec/cm  to  ohtain  the  actual  impulse  response  of  the  filter.  Knowledge  of  the  Impulse 
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Fig.  2-147.  Amplitude  detector  output, 

pulse  is  as  shown  in  Fig.  2-146,  Four  conditions  of  signal  input  vs  reference  signal  phase  are 
shown,-  The__phaso  transients  bremaal  evident  Jtor.  phase-  angles  nee.r_0*-  ftiiiJ80",_ars  Qrrojjgh]i' 
40-nsno  duration  and  correspond  to  approximately  6*  peak  phase  error.  Those  transients  arc 
affected  by  the  bandwidth  of  the  input  signal  and  the  video  filter.  A  calculation  based  on  the 
mcasurod  Jmpulse  response  of  the  video  filter  (which  assumed  a  perfect  section  of  sine  wave  as 
fin  input  pulse)  would  appear  to  Indicate  an  irreducible  minimum  transient  of  the  same  duration 
but  of  one-half  to  one-third  the  amplitude  actually  observed, 

The  phase  detector  may  be  converted  to  an  amplitude  detector  which  has  limited -dynamic1 
range,  but  which  1s  nevertheless  useful  when  only  low-level  Inputs  are  available,  This  don-  \ 
version  Is  accomplished  by  orienting  both  diodes  tn  the  phase  detector  in  the  same  direction 
(Fig.  2-14  7)  and  by  supplying  a  bias  current  of  7,5  ma  DC  to  the  reference  Input  connector.  The 
output  pulse  obtained  in  this  fashion  is  shown  in  F.g.  i-147; 


150 


c  iUtt  tills!  ii,  fuu  ifiii  ia 


PART  3 

SUPPORTING  STUDIES 


CHAPTER  I 

MUTUAL  COUPLING  IN  LARGE  ARRAYS 

SUMMARY  J..L,  Alton 

This  chapter  recounts  the  activities  engaged  in  during  the  reporting  period  that  were  directed 
toward  b  better  understanding  of  the  effects  of  mutual  coupling  in  large  arrays, 

—  -The  first'  oectton-deals-with  iheoreticaHnquiries-into-the- question  of -mintmiiiing-the  effects 
of  coupling  in  large  arrays  of  regularly  Spaced,  identical  radiators,  or,  more  specifically,  of 
minimizing  the  change  tn  element  impedance  with  array  beam-pointing  angle.  II  is  proven  that 
a  constant -Impedance,  single-mode  antenna  element  Is  fundamentally  impossible.  Furthermore, 
If  one  ts  Interested  only  In  the  aggregate  effects  of  coupling,  such  as  the  array  gain  and  the  im¬ 
pedance  variation  of  interior  element?  of  an  array  with  beam-pointing  angle  (as  opposed  to  con¬ 
cern  nbouf  the  exuct  nature  of  coupling  between  iwo  anlenhSa  as'  a"Tunctlon'6I  spioing)",-!!  is  es-T 
mhltshod  that  any  optimum  element  has  only  slightly  less  mismatch  with  scan  than  the1  perform¬ 
ance  attainable  by  using  (In  an  optimum  manner)  thin  dipoles  situated  above  a  ground  plane, 

The  second  section  deals  with  the  experimental  and  analytical  analysis  of  the  effects  of 
coupling  on  on  army  of  unequally  spaced  dipoles.  ,  It  Is  shown  that  (a)  the  patterns  which  result 
In  practice  differ  markedly  front  those  predicted  if  mutual  coupling  Is  Ignored,  but  agree  reason¬ 
ably  well  with  those  predicted  when  ooupling  Is  included;  (b)  when  the  beam  is  scanned,  the  actual 
sidfilobc  structure  changes  In  a  more  complex  manner  thnn  would  be  the  case  with  an  equally 
spaced  array,  and  this,  change  Is  not  predicted  If  mutual  coupling  is  ignored  nnd  (c)  the  gain  of 
this  particular  array  ns  a  function  of  scan  angle  in  only  nbdut  Jdb  less  than  $at  of  an  equal- 
length,  amplitude  tapered  array.  Roughly  speaking,  the  effect  of  the  coupling  In  unequally  spaced 
arrays  Is  to  partially  counteract  the  unequal  spacing  effect  on  the  pattern  for  pointing  angles  near 
broadside  (l.e.,  to  "flatten"  the  Illumination)  and  to  Increase  the  taper  for  wide  scanning  angles. 

A.  INTRODUCTION 

The  aim  of  the  mutual  coupling  studies  Conducted  as  a  part  of  this  project  Is  to  provide  a 
better  understanding  of  what  might  be  called  the  "aggregate  effects"  of  coupling  in  arrays  nnd  the 
degree  lo  which  they  differ  for  different  lypes  of  radiators.  Specifically,  we  are  Interested  in 
the  questions  of  the  variation  lo  the  gain  of  a  large  array  with  scan  angle  and  the  variation  In  the 
impedance  of  a  typical  clement  with  scan  angle.  The  details  of  the  coupling  between  individual 
elements  are  viewed  as  only  a  means  to  an  end,  albeit  an  important  and  interesting  one.  The 
questions  that  we  would  ultimately  like  to  be  able  to  answer  are;  (1)  the  degree  to  which  the  ag¬ 
gregate  effecls  of  coupling  arc  dependent  upon  the  type  of  radiator  used  and  (2)  the  quantitative 
magnitude  of  the  aggregate  effects  to  be  expected. 

To  provide  some  quantitative  insight  into  the  aggregate  effect  of  coupling  for  a  particular 
type  of  radiator  as  a  function  of  a  few  variable  parameters,  we  have  previously  analyzed  linearly 
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poln l't/.od  at-raya  of  dlpules  ubovc  a  ground  screen.*^  Wo  now  wish  to  acquire  the  aSj'me  degree 
of  understanding  with  respect  to  other  possible  array  radiators.  Unfortunately,  direct  maihemat- 
lcal  analysis  of  the  coupling  hotwoon  more  structurally  complex  radiators  does  not  itppear  prac¬ 
tical,  but  two  alternative  approaches  suggest  themselves. 

The  first  upproaelv  Is  to  resort  to  an  experimental  program  and  measure  the  effects  of  In¬ 
terest  in  small  arrays  of  a  hopefully  representative  selection'  of radiators.  "  While  we  Intend  to 
conduct  such  an  Investigation  (see  Sec.  B-6),  a-  purely  experimental  approach  Is  loaded  with  the 
pitfalls  cif  "Incorrectly  Interpreting  Incomplete  data  taken  Improperly.”  To  help  preclude  such 
difficulties,  some  analytic  investigation  Is  certainly  desirable,  Since  a  direct  attempt  to  describe 
mathematically  ihs  coupttng  between  specific  elements  (In  the  manner  of  Cartiar'a  equations^  for 
thin  dipoles)  Is  probably  futile,  it  appears  that  the  most  probable  avenue  to  improved  theoretical 
undorstandTng  of  coupling  effects  lies  In  the  direction, of  our  specific  Interest!  examination  of  the 
aggregate  offecla  of  coupling  without  reference  to  detailed  mechanisms.  To  this  end,  we  have  ,. 
been  Invesllgallng  umilyUcally  the  questions  or  array  gain  and, array  directivity  as  a  imtmlon  of  \ 
array  beam-pointing  angle.  Some  interesting  results  have  been  obtained  (see  Sees.  13-4  Bnd  13-5) 
that  appear  to  abed  soma  light  on  the  degree  lo  which  different  radiators  may  differ  in  Impedance 
characteristics,  and  on  the  minimum  impedance  variation  with  scan1  angle  that  may  be  realisable, 
finally,  we  have  extended  soma  previous  work®  on  the  effects  of  coupling  on  arrays  of'un- 
oqually  spaced  dipoles,  Computed  patterns  as  a  function  of  beam -pointing  angle  on  a  Id -dipole  ! 
array  are  presented,  It  fa  shown  thal  lhey  east  some  doubt  on  Ihe  utility  or  unequal  spacing  (sb  " 
opposed  to  "density  tapering"^*  In  which  the  elements  are  equally  spaced  but  the  drives  omitted  ,  „ 
from  some)  as  a  moans  of  shaping  the  beams  from  scanned  arraye  or  closely  spaced  elements,  ., 

B.  BASIC  INVESTIGATIONS  ,  Ji  L.  Allen 

1.  The  Qgtn-Dlreetlvltjr  Discrepancy  for  a  Constant  Impedance  Element 

It  has  been  established  previously*  Hint  the  gain  measured  at  the  peak  of  Hie  malii  beam  of 
a  largo,  regularly  spaced  array  of  Identical  radiators,  "fed"  In  such  a  manner  that  the  elements 
do  iierTmtiually  coupurtnrough  the  reed  slructuro,  can  be  expressed  as  u  •  if 

■°(*W  e00>  =  8{<e00. 0OO>  tN  ,  ■  (*) 

'  '  It 

where  ^oq.Ooq  are  spherical  coordinates  that  define  the  pointing  direction  of  the  main  beam 
(see  Vig.  3-1),  N  is  the  number  of  elements  In  Uio  array  and  t)  is  the  array  taper  efficiency 
In  ^  i).  -The  function  g(«>00,  0OO)  is  the  "element  gain  function" the  gain  qb  a  function  of  angle 

'  .  j1 

*J.L.  Allen,  et  gj.,  "Phosed  Array  Radar  Studies,  1  Jdly  1960  to  1  July  1961,"  Technical  Report  No.  236  IU], 

Lincoln  Laboratory,  M.l.T.  (13  November  1961),  ASTIA  271724,  H-474. 

|J.L,  Allen,  "Gainand  Impedance  Variations  in  Scanned  Dipole  Arrays,"  Trans.  IRE,  PGAP  AP- 10 ,  566  (1962). 
iJ.O.  Kraus,  Antennas  (McGraw-Hill ,  New  York,  1950),  Ch.10. 

§  J.L.  Allen  and  VV.P.  Delaney,  "On  the'Effect  of  Mutual  Coupling  on  Unequally  Spaced  Dipole  Arrays,"  Trans. 

IRE,  PGAP  AP- 10,  784  (1962).  JNofe:  Figs. 2  and  3  of  this  paper  are  interchanged.! 

If R.E.  Willey,  "Space  Tapering  of  Linear  and  Planar  Arrays,"  Trans.  IRE,  PGAP  AP- 10 ,  369  (1962). 

* TR-236,  pp. 299-306. 

♦  See,  for  example,  TR-236,  pp. 206-209. 
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Fig.  3- 1 .  piumn  unay  geometry. 
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of  a  "typical"  element  measured  in  the  array  environment  with  all  ether  elements  terminated  In 
tholr  normal  generator  Impedance. 

It  la  important  to  note  that  the  above  rosult  ta  baaed  upon  defining  gain  to  Involve  the  ratio 
of  the  power  density  at  the  peak  of  the  main  beam  to  the  total  power  available  from  the  trana-lM.,_ 
milter.  Thun,  any  mismatches  in  the  array  result  In  a  lowered  gain,  and  the  array  gain  defi¬ 
nitely  depends  Upon  boltrihe  array  pattern  &nd  the  array  Impedance  properties,  ' 


,  array  directivity  U(ysQ0,  aQQ).  The  latter  involves  the  ratio  of  the  power  density  at  the  peak  of 
the  main  beam  at  yQ0,  eQ0  to  the  total  Power  radiated;  consequently,  it  1b  completely  Specified 
(by  the  array  far-field  pattern  magnitude. 

It  la  shown  in  Appendix  A  [Eq,  <A- 10)  ]  that  the  directivity  of  an  array,  with  the  main  beam 
pointed  In  the  ip00,  Qgo  direction  and  with  grating  lobes  at  angles  yi^,  0<k,  Satisfying  Eq.  (A-3) 
of  the  appendix,  1st  <' 


'JiWooi'Sod)  “ 


where,  using  Eq,  (A-?)  we  have  replaced  the  element  pattern  ratio  of  Eq.  (A-3)  by  the  gnin  func¬ 
tion  ratio  for  later  utility.  The  elements  are  assumed  to  be  placed  on  a  rectangular  grid  Dx  by 
Dy  in  thle  notation,  but  this  restriction  is  not  fundamental. 

If  we  reflect  upon  the  significance  of  the  difference  In  definitions  of  gain  and  directivity,  it 
is  noted  that  if  the  array  la  assumed  lossless  (an  assumption  that  will  be  used  tacitly  hereafter), 
the  array  directivity  and  gain  can  differ  only  as  a  result  of  losses  due  to  Impedance  mismatches 
with  the  directivity  representing  an  upper  bound  on  gain.  Comparing  Eqs,  (1)  and  (2),  we  see 
that  this  implies  a  fundamental  constraint  on  the  shape  of  the  gain  function:  ‘ 


'Throughout  this  section, we  will  reserve  uppercase  G  and  U  for  array  gain  and  directivity,  respectively,  and 
lower  case  g  ond  u  for  element  gain  and  directivity,  respectively  (as  determined  in  a  passively  terminated  array). 

t  For  angles  for  which  no  grating  lobes  exist,  Eq.(2)  reduces  to  the  familiar 


u(foo'  6oo*  =  4*  tN  cos  So 
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If  one  court!  realize  nn  element  that  maintained  a  constant  impedanoe  over  some  prescribed 
beam-pointing  angles,  the  array  gain  and  directivity  would  be  equal  for  all  scan  angles  and,  for 
this  element,  Kq,  (1)  would  be  an  equality.  At  first  glance,  one  might  conclude  ^hat-such  an  ele¬ 
ment  need  satisfy  Eq.  (3)  as  nn  equality  only  over  the  range  of  angle  that'  one  intends  to  scan, 

However,  If  we  remember  that  the  mechanism  that  causes  the  apparent  element  impedance  vari¬ 
ation  associated  with  mutual  coupling  Is  the  coupling  into  an  antenna  of  the  resultant  field  train 

surrounding  radintare~iKerv.it  ls'nonsBiisicBTTb  suggestthe  exist  She  smf  an  element- that-ei  the  r - 

does  or  does  not  couple  to  this  Held,  depending  upon  the  phase  difference  between  neighboring  ..  \ 
antenna*  (t.a,,„the  beam-pointing  anglo).  Consequently,  we  must’ seek  an  element  tha)  undergoes 
no  change  In  Impedance  for  any  beam-pointing  angle,  Including  angles  whloh  produce  grating  '  "  ' 

lobes  for  the  element  spacing  used.  It  follows  from  Eq,  (3)  that  the  gain  function  of  this  "Ideal"., 
element  must  be 


•irDxD 

'  ®oo)  yT  .  ri(l>00, 


whore  n(«>00,  ea0,  Ox,  Dy)  Is  the  irum.bor  of  grating  lobes  in  real  space  that  an  array  with  a  Dx 
by  Dy  element  grid  allows  when  the  main  beam  of  the  array  Is  pointed  In  the  v>00.  aoo  dtrecUoh, 
However,  since  Eq.  (4)  specifies  the  value  of  the  element  pattern  over  all  space,  the  equation 
can  be  used  to  determine  the  element  pattern  directivity  as  well  ns  the  gnin. 

Tor  example,  If  wo  concentrate  our  attention  temporarily  on  an  array  with  D  =  D  =  \/2 

*T  J  \ 

(for  ease  of  mathematical  manipulation),  there  Is  only  one  major  lobe  lor  any  scan  angle,  and 
Eq.  (4)  Indicates  that  the  value  of  the  gain  function  in  the  broadside  direction  must  be, -numerically, 

g(0,  0)  =  it  .  ..  (S) 

for  an  element  matched  for  maximum  array  gain  when  the  beam  Is  pointed  at  broadside.  Fur- 
Ihermore,  fiq,  (4|  implies  that  the  variation  with  angle  of  the  element  pattern  of  any  constant  im¬ 
pedance  element  must  be* 


By  the  definition  of  directivity,  the  broadside  directivity  of  an  element  above  an  infinite  ground 
plane  ia 

u(0,  0)  -  ! — ^Zw'S'/f^0  0' - ■  ,  (7) 

if,  fo  So  M’Q)  al"0dGd<'’ 

and  one  finds  that  an  element  with  a  power  pattern  given  by  cos  0  must  have  an  element  direc¬ 
tivity  at  broadside  of 

u(0,  0)  «  4  (8) 

*lt  would  seem  that  any  such  element  must  have  circular  symmetry  since  the  pattern  has  no  4  dependence. 
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?  Thus.  It  is  seen  that  the  element  gain  must  he  less  than  the  element  directivity  tor  half- 
wavelength  spacing.  Furthermore,  it  Is  obvious  that  the  discrepancy  will  increase  for  spacinga 
of  leas  than  a  halt-wavelength,  antco  ICq.  ( 1 )  Indicates  that  the  gain  will  decrease  as  the  product 
D^Dy,  whereas  the  directivity  will  remain  that  of  a  obsQ  power  pattern,  as  given  by  Eq,  (8). 

I  Finally,  the  directivity  implied  by  (<i)  has  been  calculated  for  spacinga  greater  than  a  half- 
wnvelengih  hy  numerical  integration  for  a  square  element  grid  In  the  range  where  at  most  one 
grating  lobe  can  exist:  1/2  <;  Dx  «  Dy  sj  1/-/T.  Figure  3-2  shows  a  plot  of  the  calculated  direc¬ 
tivity  at  broadside  S0Q  «  0  compared  with  the  gain  function  value  at  that  angle,  it  is  apparent 
thal  the  discrepancy  continues  to  exist  for  spactngs  of  interest  for  wide-angle  scanning  (the  sig¬ 
nificance  of  the  apparent  vanishing  of-tho  discrepancy  at  l/'/’Z  spacing  has  pot  been  pursued). 


i,o  • - —  < — -  —  — ■  — — ■  J 


Pig.  3-2.  Plot  of  the  ratio  of  me  broadside  element 
gain  function  to  the  broadside  element  pattern  direc¬ 
tivity  Par  fictional  "constant  Impedance  element"  For 
D  "  D  •  D,  » 

x  y  • 


o.l  o.s 
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The  existence  of  this  discrepancy  certainly  seems  to  cast  doubt  upon  the  validity  of  the  as¬ 
sumption. of  the  existence  of  a  "constant  Impedance  element."  However,  before  rejecting  the  idea 
completely,  wo  must  examine  more  closely  the  Implications  nr  the  discrepancy. 

2.  An  Examination  of  the  Implications  of  the  Discrepancy 

The  Implication  of  the  discrepancy  between  the  gain  and  directivity  of  an  element  that  we 
postulated  to  have  no  mismatch  with  variation  of  array  phasing  (beam-pointing  angle)  can  be  made 
apparent  by  re-examlntng  our  assumptions  and  bur  definitions  of  terms.  In  order  to  equate 
Eqs,  (1)  and  (2),  In  addition  to  assuming. lossless  untennns  and  feeds,  it  wtts  necessary  to  assume 
that  all  the  power  from  the  array  transmitters  was  radiated  and  no  mismatches  existed  under  the 
condition  that  the' entire  array  Was  radiating. I!l  On  the  other  hand,  the  element  gnin  function  is 
determined  by  passively  terminating  nil  Ihe  elements  oxespt  the  one  in  question,  and  exciting  that 
one,  Thus,  the  implication  of  the  discrepancy' begs  an  explanation  based  upon  Ihe  difference 
between  the  two  conditions;  (1)  all  Ihe  elements  radiating  and  (2)  one  element  radiating,  all  others 
passively  terminated. 

One  possibility,  as  cited  above,  is  that  the  apparent  tmpedaneo  of  the  antenna  must  differ 
under  Ihe  two  conditions  of  interest  and  that  our  assumption  of  a  constant  Impedance  clement  vi¬ 
olates  fundamental  laws.  Thai  is,  when  all  the  elements  are  radiating,  a  wave  Is  coupled  into 
any  particular  element  and  travels  backward  toward  the  generator.  To  cancel  this  wave  and 
eliminate  the  loss  in  radiated  power  il  represents,  it  is  necessary  lo  sot  up  a  reflection  from  the 


‘The  assumption  nf  on  infinite  array,  implicit  In  this  argument,  Implies  thnt  there  is  no  discernible  illumination 
toper,  other  than  the  linear  pointing  phase,  across  any  finite  section  of  the  array.  Thus,  illumination  tapering 
effects  would  be  eliminated. 
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element  with  reaped  to  Its  own  generator  (leading  to  xhe  commonly  used  concept  that  the  element 
impedance  changes  with  the  excitation  of  the  surrounding  elements),  WhUe  thtg .reflection ''fixes" 
the  element  In. the  presence  of  the  others  (for  one  particular  value  of  coupled  field)  so  that  the 
clement  appears  matched  under  these  conditions,  it  is  obvious  that  turning  off  the  other  element 
generators,  at  one  would  da  to  measure  the  element -gain  funotlon,  will  again  make  the  element 
appear  mismatched,  and  this  would  cause  some  loss  Of  available  power  due  to  reflection  In  the 
excited  element,  fn  addition,  still  more  available  power  is  lost  In  the  termination  of  these  in¬ 
active  elements  because  of  the  parasitic  excitation  of  other  elements,  The  results  of  these  two 
types  of  losses  (which  are  both  realty  due  to  the  same  mechanism  and,  therefore,  must  always 
co-extst)  Is  that  only  a  fraction  of  thd available  power  is  radiated  Into  space  when  a  single  ele- 

ment  iirexettod;  This  pm  account  for  a  gain -direct Wlty~ discrepancy.- -  - :: - - — 

For  any  element  for  which  this  mechanism  does  account  for  the  discrepancy,  it  is  obvious 
that  the  apparent  element  driving  impedance  In  the  array  must  vary  with  soan  angle,  This  follows 
from  the  fact  that  there  must  be  power  from  the  other  radlatore  coupled  Into  the  element  to  es¬ 
tablish  '.he  discrepancy,  and  the  total  field  in  the  vicinity  of  one  radiator  due  to  the  others  cer¬ 
tainly  vatlea  with  tits  array  phasing  (pointing  angle), 

A  question  of  fundamental  importance  is:  "Arc  the.o  other  phenomena  that  cart  lead  to  a 
galn-dtrectlvtty  discrepancy  without  requiring  an  element  Impedance  that  varlea  with  scan  angle?" 

ft  has  been  suggested,  for  example,  that  the  use  of  travollng-wave  antennas,  with  th<f  possi¬ 
bility  of  a  directional  Coupling***  phenomena,  could  lead  to  less  element  impedance  ■■variation 
with  scan  angle  than  is  Incurred  with  such  resonant  antennas  as  dipole*,  An  equivalent  circuit 
for  two  sttoh  radiators  might  be  as  Indicated  In  Fig.  3-3.  However,  It  does  not  appear  that  any 
directional  coupling  mechanism  can  account  for  a  galh-dlrsetlvlty  discrepancy  under  the  usual 
assumption  that  the  result  of  directional  coupling  is  the  rescattering  (not  the  absorption)  of  power 
coupled  from  adjacent  elements,  Resoattering  nlnne  certainly  cannot  nli»r  the  clement  gain  vs 
directivity  characteristic,  since  11  is  not  a  loss  mechanism.  Therefore,  .11  would  appear  that  two 

r.\1Z — I  I  »■«!•«»  I 


Fig.  3-3.  Equivalent  circuit  for  Independently 
driven  traveling-wave  antenna*. 


*G,E.  Mueller  and  W.A.  Tyrell,  "Polyrod  Antennas,"  BSTJ26,  387  (1947). 

fJ.L.  Allen,  eld.,  “Phased  Array  Radar  Studies,  1  July  1959  to  I  July  I960,"  Technical  Report  No.  228  |U], 
Lincoln  Laboratory,  M.l.T.  (.12  August  1960),  A5TIA  249470,  H-335. 

1  W.E,  Rupp,  “Coupled  Energy  as  a  Controlling  Factor  in  the  Radiation  Patterns  of  Broadside  Arrays,"  Abstracts 
of  the  Eleventh  Annual  Symposium,  U5AF  Antenna  Research  and  Development  Program,  University  of  Illinois, 
Montlcello,  Illinois,  16-20  October  1961. 


element*)  having  essentially  tho  same  gain-function  shape  must  have  approximately  the  same 
variation  In  mismatch  (pior^  precisely*  reflection  coefficient  magnitude!  with  scan  angle  in  n 
planar  array,  even  if  one  is  a  traveling- wave  antenna  and  the  other  a  dipole,  for  example.  (Note 
that  we  are  making  a  statement  regarding  only  the  aggregato  effect  of  the  coupling  of  many  ele¬ 
ments,  and  not  the  details  of  the  coupling  between,  for  example,]]  two  isolated  elements ,) 

A  phenomenon  has  been  pointed  out  recently*  that  does  appear  capable  of  causing  a  gain- 
dtr^ottvity  diacrjjepano.y  peculiar  to  circularly  or  eUiptio&Uy  polarized  elements  and  that 
may  allow  an  element  to  have  essentially  the  >aaiVie  lmpeUanoe  in  free  apace  and  in  an  array  of 
active  elements  (at  len»t  when  the  array  is  phased  for  broadside  radiation).  However,  this  con¬ 
stancy  of  impedance  la  pi[id  for  in  t^rma  of  significant  element  depolarization. 


llg.  3»4i  Seamerifaf  planar'  array  of  crossed  dipolar 
arrangad  to  radiate  nominally  circularly  polarlxod  ra¬ 
diation.  L  Indicajai  tormina  I  that  radiates  loft-hand 
clroular  polarization;  R  Indleatoi  terminal  that  radt- 
atoi  right-hand  circular  polarisation. 


This  effect  con  be  Illustrated  by  analyzing  the  behavior  of  nn  array  of  circularly  polarized 
radiatora,  as,  for  example,  the  array  of  hybrid -coupled  dipole?,  indicated  schematically  in 
Fig,  3-d.  If  each  linear  component  df  Ihe  circular  polarization  is  considered  separately,  inspec¬ 
tion  will  show  that  when  all  the  elements  are  excited  in  phase,  vertical  dipoles  couple  only  to 
vertical  dipoles  and  horizontal  dipoles  couple  only  to  horizontal  dipoles.  If  we  now  consider  all 
elements  except  the  center  clement  radiating  left-hand  circular  polarization,  the  power  mutually 
coupled  into  the  center  element  will  appear  at  the  radiator  port  appropriate  to  radiate  right-hand 
circular  polarisation,  as  illustrated  by  Fig,  3-5.  By  virtue  of  this  difference  in  the  terminal  as¬ 
sociated  with  tnc  radiated  and  the  mutually  coupled  power,  it  would  appear  .possible  to  place  a 
circularly  polarized  radiator  in  an  array  of  similar  radiators  with  little  change  in  element  driv¬ 
ing  Impedance,  at  least  when  the  array  is  phased  for  broudslde. 

However,  mutual  coupling  is  still  working  to  diminish  the  gain  of  an  element.  If  the  right- 
hand  circular  port  is  to. ..iii.aied,  power  is  loot  in  that  tciinination,  lowering  the  value  of  the 
element  gain  function  at  broadside.  If  the  terminal  is  left  unmatched,  an  orthogonal  component 
of  radiation  ts  generated  that  will  vary  In  amplitude  with  array-pointing  angle,  producing  a 

*t”n7"Farad  and  R.W.  Kreutel,  "Mutual  Effects  Between  Circularly  Polarized  Elements,"  Antenna  Arrays  Section 
of  Ahstracts  of  the  Twelfth  Annual  Symposium,  USAF  Antenno  Research  and  Development  Program,  University 
of  llllno]!,  Montloello,  Illinois,  16-19  October  1962. 


poleirleatlon  loss  varying  with  scon  angle,  and  consequent  sain  reduction.  '  To  prevent- this -Ion i, 
one  must  mismatch  the  individual  radiators  in  such T  manno r  (haTthe  power  obupled  Into  the "\ 
right-hand  circular  terminal  is  exactly  canceled  by  a  raflectlah  from  the  dipole «  In.fl  manner  \ 
■lmilnr/io  the  matching  technique  normally  used  with  linearly  polarized  antennae,  TjvU  method\ 

■  '  or  canceling  the  cross -polarized  radiation  (which  obviously  works  correctly  ai  only  one  particu¬ 

lar  nnffla)  loads  again  to  element  impedance  that  Is  different  when  all  the  elements  are  excited  n 
compared  with  the  case  whore  all  elements  hut  ope  are  passively  terminated,  and  we  ere  "back 
where  we  started11  with  a  gain -directivity  difference  due  (at  Least,  partly)  to  , element-impedance 
variation, 

This  polarization  effect,  rather  than  a  directional  coupling  mechuniniri,  might- uxpitt  in  iho 
low  mutual  coupling  that  has  been  observed  between  pairs  of  elements  such  as  log -periodica* 
and  helices,  i.e.,  experiments  have  Indicated  that  there  1b  little  effect  on  the  impedance  pf  one 
element  when  another  excited  element  is  brought  neurby,  Rather  than  being  the  Consequence  of 
the  fuel  that  these  are  traveling-wave  nntehnas  and  may  function  as  if  coupled  by  a  leaky  direc¬ 
tional  coupler,  the  low  element-lo-elemenl  coupling  may  bo  due  to  the  polarization  properties 
of  such  elements.  A  helix  is  a  circularly  polarized  element,  and  the  forms  of  log-perindics  in¬ 
vestigated  seem  to  be  at  least  ellipticnlly  polarized.  Therefore,  these  radiators  may  behave  as 
clllptically  polarized  radiators  with  reactive  terminations  (actually,  no  termination)  on  one  sense 
of  circular  polarization.  By  the  foregoing  reasoning,  mutual  coupling  effects  would  tend  to  be 
manifested  as  a  depolarization  rather  than  as  an  impedance  change,  at  Least  ror  n  broadside  ar- 
,  ray.  Unfortunately,  the  previous  studies  did  not  attempt  to  coordinate  element  polarization  and 

element  impedance  properties. 


*TR-236;  also  W.E.  Rupp,  op. eft. 

f  A.R.  Stratoti  and  E.J.  Wilkinson,  “An  Investigation  of  the  Complex  Mutual  Impedance  betwoon  Short  Helical 
Array  Elements,"  Trans.  IRE,  PGAP  AP^?,  279  (1959). 


166 


In  summary.  tt  Boems  reasonable  to  suspect ’from  the  gain-directivity  discrepancy  that  a 
count  ant -impedance  clement  can  be  had  <ijj.at  all)  only  by  introducing  some  mechanism  which 
converts  ail  mutual. coupled  power  Into  a  mode  orthogonal  to  that  which  couples  to  the  element 
generator,  such  aa  the  ''oppoaite-senBe-pircular11  coupling  d?£arib.ed_&kQy'9<.  I^r^®rit*°re*. 
least  in  ihia  case,  BrrsratftirTla9g:n6t-|pe;tffl^^^ 

pdwei;  while  reradiating  it  causes  undesirable  effects  in  Itself,  Attempting  to  cofreoi  tHese^^ 
feels  1pm ds  again  to  an  'element  whioh  exhibits  variable  impedance  with  scan  angle. 

It  is  logical,  then,  10  seek  some  Indication  of  the  extent  to  which  the  impedance  yarlaiioh 
can  bo  controlled  (an  "optlmuiri"  elemonl  tr.The  i6nae_ar  miBJ^imLm!Bmatch_:o,\^i*  !?mo  r^ngs- 
of  scan  angle).  In  the  following. 

polarization  losses,  but  rather  confine  bur  attention  (6  r&cll&tarBfor  whrchTneonlyfoss  phunorn- 
enon  allowed  is  element  mismatch,  fr  ’•  ’  " 


3.  the  Oftin-Dlreotlvity  DUorepancy. for  NDn.conatftntlmpfiriaaoRi®e)|ient8  . -1.,.. - 

In  order  lo  frame  .some  general  conclusion  about  the  difference’  in  aggfogaiG  mutual  coupling 
effects  In  elomfiita  whoae '  lmpedanoeTyairl'Mlrtth  'ariterangle^el-Wexam^ 

directivity  discrepancy  if  we  permit  the  olemetii  iMpedance  lb  vahyHFlirEORti  Mgle,  .  ,r - ~. -It 

As  a  reference  point,  It  will  be  assumed  that  we  adjust  the  Impedance  of  the  generator#  driv¬ 
ing  the  array  olontent*  «o  that  the  array  ia  exactly  mfttnhedwhen  tile  beam  la  pblnteJ  arUroadhtde," 
We  will  also  a.flumo  Dx/V  <  1,  Dy/X  <  t,  bo  thtft  only  one  major  lobe  exists  for  broadside  radia¬ 
tion.  Rnunlllv  then  applies  In  lilq.  (3)  for  this  angle,  and 


8(0,  0) 


4^ 


.Thai  ia,  by  suitable  Impedance  matching,  the  magnitude  of  the  gain  function  at  broadside  Tor  nn 
element  with  varying  impedance  can  be  made  equal  to  that  of  the  ('constant  Impedance"  element 
of  the  previous  section. 

However,  since  the  element  impedance  varies  with  scan  unglo,  the  array  gain  mual  be  leas 
than  the  gain  of  an  array  with  constant  impedance  elements  for  outer  angles;  thus,  the  gain  func¬ 
tion  for  a  variable  Impedance  element  cannot  be  numerically  greater  at  any  angle  than  that  of  a 
constant  Impedance  element,  and  will  be  less  Tor  all  angles  except  those  for  whlnh  the  array  is, 
matched  (whlnh  we  designate  as  the  angle  0,0).  Thus,  the  gain  function  of  the?  variable  Impedance 
element  which  has  been  matched  at  broadside  will  not  be  ns  broad  as  a  "constant  impedance"  gilin 
function;  consequently,  the  direct Ivlly  of  a  variable  impedance  element  in  an  array  must  be  , 
greater  than  that  of  a  constant  impedance  element. 

For  example,  consider  a  large  array  where  -  \/l.  No  grating  lobes  exist  for  any 

scan,  and  liq.  <3)  can  be  written  as  an  equality  since  the  inequality  is  a  r  esult  of  mismatch  loss, 

1  -  |r|2.  Therefore,  we  can  write 


M 


! r  (u> ...  e>„ 


(9) 


where  V  (<f>00,  Go0)  is  the  reflection  coefficient  associated  with  a  typical  element  of  an  array  os 
a  function  of  the  i.rray  beam-pointing  angle  when  the  entire  array  Is  excited.  The  assumption 
that  1  hr  element  is  matched  at  broadside  Imposes  Hie  constraint 


r  (o,  o)  =  0 
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Fig.  3-4.  Ratio  of  po*sr  rsflaotsd  to  powar  ovalldbls  (ITj*)  vi  icon  anglu,. 

Substitution  of  Eqs.  (9)  and,, (7)  loads  directly  to  the  conclusion  that  the  galn-dlroetlvlty  dlseropanoy 
riot  only  exists  for  variable  impedsnoe  elements,  but  will  Increase  wi,th  the  degree  of  integrated 
impedance  variation  with  eoan.  Therefore,  we  see  that  for  any  element,  the  Inequality  , 

|  * o,786  ,  (ii> 

u(0,  0)  4  it  . . . _  _ .  . . . 

follows  from  Eqs,(5)  and  <B),  with  the  magnitude  of  the  discrepancy  proport ionalto  the  Integrated 
(over  all  space)  value  of  |  r(</)eo,  600)  |  ^  coa®oo1  na  indicated  by  Eqa,(8)  and  (10), 

While  tills  fact  does  not  sbem  io  lead  directly  toji  measure  of  the  Impedance  porformance 
of  an  optimum  element,  let  alone  its  configuration,  it  does  provide  a  standard  against  which  known 
elements  can  be  compared.  In  fact,  by  comparing  a  known  element,  It  is  possible  to  infer  certain 
bounds  on  the  performance  of  an  optimum  element. 

4.  The  Magnitude  of  the  Qain-Dlrectlvity  Discrepancy  for  Dipole  Radiators 
Above  a  Ground  Plane  i 

An  element  available  for  comparison  is  a  thin,  half-wavelength  dipole,  mounted  above  a 
ground  plane.  From  previous  studies4  the  curves  (Fig.  3-6)  can  be  generated  for  the  reflection 
coefficient  incurred  byecanning  in  Ihetwo  principal  planes  of  dipole  arrays  with  various  squarc- 
elemenL  grids,  when  the  dipoles  arc  mounted  at  approximately  the  optimum  t  height  above  the  ground 
plane  for  each  spacing.  It  is  apparent  mar  lor;  minimum  V3WR  (but  not  necessarily  minimum  num¬ 
bers  of  elements) ,  a  spacing  or  X/2  should  be  used.  Let  us  examine  how  the  gain-directivity  ratio 
of  a  dipole  in  an  array  with  half-wavelength  spacing  at  its  optimum  height  (a  =  X/4)  compares  with 
the  limiting  value  of  T5q,(41). 

* TR-236,  Fig. 3-31,  p.233;  Figs.  3-35  and  3-36,  p.235. 
tTR-236,  Fig, 3-21 ,  p.224. 
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Fig,  3-7,  Equivalent  circuit  of  dipole  and  drive  circuit. 


We  will  ftsaume  each  element  to  be  Independently  driven  by  a  voltage  generator  or  internal 
impedance  Z^  (Fig*  3-7)*  Th^  generator  cn  the  right  accounts  fur  any  mutually  coupled  voltage 
going  Into  the  dipole,  The  nutation  Zft  represents  the' impedance  of  a  mingle  iaolated’dipoU  &/4 
Rbove  ground,  tf  will  be  assumed  that  only  one  element  is  driven  —  spociucBiiy,  the  center  ele¬ 
ment  (m  «_n  ■  0)  of  a  la rge  arr^y. having, the  geometry  shewn  in  .  Fig.  3  1.  AUothci'.'olemi^B  ]— 
are  passively  terminated  by  closing  the  shorting  switoh.  Only  "first  order11  Coupling  will  be  oQn- 
sidttred,  l.*..  it  will  b«  assumed  that  the  only  coupling  of  significance  tothimh1”  element  is  that 
between  it  and  toe  driven  element.  (The  error,  introduced  by  nogledting  higher -order  coupling 
ahould  be  negligible,  a«  will  become  apparent  from  the  numbere'Wolved,}  ’ 

Under  the  aeeumption  of  lossless  elements,  the  galn-dlrectlvlty  ratio  of  at)  element  la  nu¬ 
merically  equal  to  the  ratio  of  the  power  raMted  Into  distant  apace  by  the  element  (when  all 
olhere  are  passively  terminated)  to  the  power  available  from  the  generator  of  the  active  elements. 
Two  mechanlama  reduce  the  ratio  to  leaa  than  unity:  (1)  the  reflected  power  absorbed  in  the 
generator  realatance  or  the  driven  element  a  rising  from  the  miemateh'that  appear*  when  the 
other  elements  are  turned  off  and  (2)  the  power  coupled  Into  the  paraeltlcally  excitod  element  •• 
feeds  and  absorbed  In  tholr  termination. 

The  two  losses  are  easily  computed  by  circuit  theory.  Expressed  In  the  form  of  ratloe  to 
the  power  available  from  tho  driven  element  generator,  the  ratio  of  power  absorbed  in  the  driven 
element  is 


where  P-a  in  the  real  part  of  the  solf-impedance  Za>  and  oo’  ®oo*  ia  lhnt  part  of  the  imPecl" 
ance  of  an  active  element  (array  phased  to  point  the  beam  in  that  ip00,  6oo  direction)  that  is  due 
to  mutual  coupling,  Re  denotes  the  real  part  of  the  quantity.  Explicitly, 

^M^oo^oo1  =  22  Zn,n,ooaxPljk(mDxBln0ooooa*’oo  +  "Dyslneoosin*’oo>l  (13> 

m,n^0 


where  zmn>00  denotes  the  mutual  Impedance  between  the  mn  element  and  the  renter  element. 
The  notation  m,  n  i=  0  implies  the  term  m  =  n  =  0  is  excluded  from  Die  summation  la  derivation 
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Fig.  3-6.  Mutual  Impedance  vi  penter-to-center  spacing  D/X  for  infinitely 
thin  X/2dlpolM,  X/4  above  ground  plane. 
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Fig,  3-9.  Values  of  Q  =  | (Zmn >00)/2Ra  |  for  a  planar  array  of  half-wavelength 
thin  dlpolos,  spaced  X/2  on  centers  X/4  above  ground  plane. 


t w|,,^-ieww|B!«iK-1*  *-^,m»*s*i  <»•  ‘*i£!?krnipp 


A  comparison  of  this  value  with  the  bound  calculated  in  Eq.  ( -i  1)  indicates  that  the  \/Z  dipoles 
(D  =  D  =  0,5\)  mounted  X/4  above  ground  have  a  gain -directivity  ratio  of  0.87  of  the  ideal  value 

x  .  y  . 

of  ir/4, 


5.  An  Estimate  of  the  Minimum  Impedance  Variation  Realizable  with  Any  Radiator 

Having  "pugged"  the  gain-direclivILy  ratio  of  the  dipole  x/4  abov**  ground  to  be  only  a  fraction 
(0.87)  of  the  upper  bound  value  of  ir/4,  there  remains  the  important  question  of  the  implication  of 

t TR-236,  Fig. 3-31 ,  p.233. 

t  Using  Carter's  equations,  as  given  in  J.D,  Kraus,  op.  cit. 

§The  small  numerical  values  of  this  quantity  represent  our  justification  for  concerning  ourselves  with  only  "first 
order"  coupling. 
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this  result  for  the  choice  of  elements  to  be  used  in  an  array.  Specifically,  If  the  dipole  is ‘not  the 
optimum  element  (from  a  mismatch  standpoint,  at  leaBllwe  askt  (a)  What  element  is?  (b)  How 
Solid  U  the  "beat"  element?  «  ,  . 

We  can  provide  all  approximate  answer  to  ihe  sooond  question,  whloh  in  turn  leads  to  some 
Inferences  about  the. answer  to  the  first,  '* 

Returning  to  .(Iso  dipole,  the  ratio  of  total  power  lost  to  the  available  power  when  a  single 
element  was  radiating  was  found  to  be  .  ;  ■  . 

”  ■■  •  P,  P-/  !<  P ,  ■ 

-Jr1  *  -P-p  -  *  0.317  ,  !.  . 

- _ :: _  a  _ 


(19) 

\t '  it 


whereas  If  we  could' approach  a  constant  lmpedanoe  element  arbitrarily  closely,  wo  could, hove 

P,. 


lot 

pa 


min 


«  1  -  tr/d  »  0.2M  ,  ■? 


■'20) 


II  " 


It  appears,  therefore,  that  one  could  asse»B  the  beat-elemenV'mlBmateh-beltavlor  achievable- by 
Investigating  the  reduction  In  mutual  Impedances  consistent  with  bringing  Eq,  (19)  into  better 
numerical  agreement  with  Eq,  (20)  by  use  of  the  relationships  between  the  mutual  impedances 
uttiji  the  losses,  ns  specified  by  Eqs,(12)  end  (14),,  lb  particular,  we  will  suppose  that  by  some 
mystical  process  It  Is  possible  to'seale  all  Z„„  *  by  some  complex  constant  fi  (thle  form  of 

...  .  . ti  ninjflp  „ 

redaction  i»  nol,  wf  course,  unique  or  necessarily  even  possible}  however,  the  magnitude  of  the 
effect  obtained  la  such  that  a  more  carefully  considered  model  seems  of  questionable  value). 


Flfl,  3-10.  Circuit  for  matching 
a  radiator  at  'eroadilde. 


First,  in  order  to  limit  the  choice  of /? 's  somewhat,  we  will  assume  that  what  we  specifically 
desire  to  minimize  is  the  reflection  coefficient  incurred  in  each  element  when  the  entire  array  la 
scanned  to  an  equal  angle  in  the  two  orthogonal  principal  planes.  For  an  antenna  with  a  matching 
circuit  equivalent  to  that  in  Fig,  3-iO,  the  reflection  coefficient  of  a  typical  element  as  set^i  by 
its  generator;  for  a  beam-pointing  angle 


0$  0Q  is,  by  definition, 


r(.^  ,0  )  “ 

o  o 

I 


ZD(<ro’8)  ~ZD<°’0) 


(21) 


tThe  reader  is  reminded  that  Zmn^00  Is  defined  In  terms  of  the  coupling  between  antenna  feeds.  It  is  immaterial 
in  this  analysis  whether  the  rescattered  power  from  the  parasitic  elements  is  simply  related  to  Zmn  00  or  not  (it 
might  not  be  if  the  elements  couple  directionally,  for  example);  therefore  the  following  argument  appears  valid 
for  at  least  all  linearly  polarized  radiators. 
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or,  In  terms  of 


*•> 


zD<<p.  e)  «  zn  +(szM(<p.e) 


where  is  defined  by  E,q.ti3), 

-****«■•> 


r(v>0,e0)  =■ 


aRa+^W  °o)-^zM<0,0' 


(22) 


Lei  us  postulate  that  we  wish  to  aeon  to  50*  in  hoth  principal  planet,  and  restrict  allowable 
values  of-^—to-thoaa  whioh-yield . . -  - . —  - - - - - - - 


| r<<>, 5o*> |  B- 1 r(9o*,  so*)]  . 

From  TR-2,36  (Fig,  3-3,1,  p.  233)  we  see  that,  if  we  take  if  «  0  as  the  E-plane  of  the  array, 
2^,(0,  50")  =  (-j-36  -  j  5?)  ohm*  , 

Zm(90*,  50*)  »  (7^'  +j  103)ohma  , 

ZM(0,0)  -  (4-j30)ohm«  ,  •' 


R  *  86  ohms 


to  alide-rule  aocuracy.  Figure  3-11  shows  computed  plot*  of  the  principal, plane  reflection  co- 
efficients  for  \fi\  «  i,Q  and  0,8  as  a  function  ai'  this  phase  of  0. 


Fig.  3-11.  Principal  plane  reflection 
coefficient  magnitude  vj  mutual  Im¬ 
pedance  modification  factor  ft. 


» wwrrwn!  ftp  sq*  mittvminn 


It  can  be  seen  that  the  E-  and  H -plane  reflection  coafflctenta  are  equal  for  two  valuea  of 
phases,  with  the  value  of  the  phnae  nearest  aero  clearly  giving  the  minimum  |r|  (the  fact  that 
!r|  >1  for  some  phnftes  of  0  la  perhapB  an  Indication  of  the  "constraints"  that  nature  may  place 
or.  realizable  mutual  impedances),  A  value  of  (t  «  0.60  ll5*  was  chosen  for  further  examination 
as  a  value  of  that  might  equalise  the  1 1' j 'fins  value  was  IhMrted“liTEqaT(l*)“a?ra_(T4>  arid” 
It  was  found  that 


I 


p  t! 

#  «  o', 070 
a 


0,15 


Thus,  for  thli  fictitious  reduced  mutual  coupling  element, 


1  a  "a 


■  0,2?, 


(23) 


Comparison  with  Eq.  (20)  would  appear  to  indicate  that  We  should  be  able  lo  reduce  the  mutual 
impedance  find,  henoe,  the  lassos  still  a  bit  further.  It  should  bo  recalled,  howevsr;  that  we  can¬ 
not  actually  expect  to  reaoh  the  value  given  by  Eq.  (20),  because  the  actual  element  directivity  is 
slightly  inoroased  by  the  mismatch  with  scan  angle, 

Thus,  It  appears  certain  that  the  mismatch  associated  with  a  complex  mutual  Impedance  re¬ 
duction  of  0,8  at  an  angle  of  about  IS*  (about  t.Odb  reduction)  roprosonts  alower  bound  on  achiev¬ 
able  mismatch  with  scan  angle  of  50* .  Figure  3-1 1  indicates  that  the  appropriate  value  of  |r| 

Is  about  0,58,  corresponding  to  an  achievable  VSWR  at  ,50*  of  not  lees  than  2.23. 

j  6.  Theoretical  Conclusions  and  the  Need  for  Experimental  Support 

From  the  data  in  Fig.  3-6  and  the  results  ofthe  proceding  nectlon(  we  can  tentatively  conclude 
that  the  VSWR  behavior  of  the  optimum  element  with  scan  would  be  approximately  as  indicated  by 
the  curve  in  Fig,  3-12.  This  curve  approximately  deflneB  the  minimum  VSWR  lo  be  expected  in 
scanning  to  equal  angles  6  from  broadside  in  both  principal  planes  for  an  optimum  element. 


Fig.  3-12.  Approximate  minimum  achievable  VSWR 
for  scanning  to  equal  angles  6  In  both  principal 
planes  of  a  planar  array. 


Returning  to  the  question  of  the  performance  of  dipoles,  it  should  be  noted  that  the  value 
s  =  0.25X  used  in  die  calculations  does  not  appear  Lo  he  quite  the  optimum  height  above  ground, 
but  was  ihe  closest  height  to  the  optimum  for  which  extensive  data  exist.  Results  of  the  previous 
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study  indicate  that  the  optimum  for  50‘  scan  la  slightly  greater  then  this  value  and  results  In  n 
VSWll  of  about  2.4  In  both  platma  -  a  value  significantly  near  our  lower  bound. 

One  might  even  be  tempted  to  speculate  that  there  may  he  qualitatively  little  difference  In. 
the  magnitude  of  the  aggregate  coupling  effects  realisable  with  most  types  of  radiators  commonly 
considered  for  wide-angle-scanning  arrays  (he.,  elements  which  have  broad  free -Sluice  element 
patterns  orr  alternatively.- lQW-fiee«spacei  gain). If  they  are  adjusted  to  provide  maximum  array 
broadside  gain,  However,  this  Is  a  tentative  conclusion  that  requires  a  carefully;  executed  ex¬ 
perimental  program  tor  confirmation,  Particular  attention  must.be  paid  to  the  qualification 
"realizable,"  since  it  is  apparent  from  the  foregoing  studies* * * §  that  one  can  easily  and  unwittingly 
fail  to  Use  any  particular  type  of  element  in  an  optimum  way  (e'.g.,  with  dipoles,  fall  to  choose 
(he  optimum  dlpoleMo-ground  plane  spacing  for  the  grtfl  spacing  used), 

7,  Futurs  Plans  for  Investigation  of  Mutual  Coupling  Effects 

Only  with  a  better  understanding  of  the  coupling  details  associated  with  the  vffstmji*  clr“*cc 
of  elements  cat)  we  be  sure  we  are  evaluating  that  claes  of  element  fairly  in  an  experimental 
program,  To  achieve  better  understanding  of  coupling  effects  In  circularly  polarized  radiators, 
an  attempt  should  be  made  tp  analyze  quantitatively  tin  array  consisting  of  Infinitely  thin,  half- 
wnvclcngth,  crossed  dipoles,  fed  in.. quadrature  above  a  ground  plane  (Pig.  3*3),  This  study  could 
be  similar  in  scope  to  the  one  previously  reported  for  ltnoni-' dipoles  In  TK-236,  except,  of  course 
for  the  additional  concern  about  depolarization.  Such  a  study  might  shod  light  on  the  extent  tft 
which  thlB  effect  may  explain  previous  observations  and  lead  to  enhanced  over-all  understanding 
of  mutual  effects. 

The  only  apparent  stumbling  block  to  such  a  study  Is  tho  lack  of  tabulated  mutual  impodance 
data  for  "skewed11  dipoles  that  are  required  to  describe  the  coupling  between  orthogonal  linear 
dipoles.  This  appears  io  pose  no  mnjor  difficulty,  however,  since  tho  appropriate  formulas  are 
well  known ^  and  appenr  to  be  amenable  lo  numerical  Integration. 

in  order  lo  carry  out  n  careful,  meaningful,  experimental  Investigation  of  coupling' between 
complex  elements  without  Incurring  llie  difficulties  Inherent  in  attempting  lo  make  accurate  phase 
and  amplitude  measurements  of  loose  coupling  betwoon  partB  of  radiators,  we  plan  to  construct 
a  small,  planar  army  to  measure  these  aggregate  effects  directly.  On  the  basis  of  our  previous 
studies,  a  7  x  7  array  would  appear  to  be  large  enough  for  reasonably  accurate  Impedance  de- 
lermlnallon  on  the  center  element,  1  However,  In  order  lo  avoid  a  complex  structure,, with  varia¬ 
ble  phnso  shifters,  it  seems  advantageous  to  utilize  multiple  benm-forming  matrices.  Conse¬ 
quently,  we  are  in  the  process  of  procuring  ten  B-input,  S-mutput,  parallel-fed,  simultaneous 
beam-forming  mal.rlces.t§  The  resulting  #x  8  urray  will  allow  the  determination  of  the  element 
driving  Impedanco  at  a  sufficient  numbor  of  scan  angles  to  obtain  smooth  curves  of  the  effects  to 
be  measured  (a  possible  64  points). 

*TR-236,  pp.225;  olso  in  J.L.  Allen,  “Gain  and  Impedance  Variations  in  Scanred  Dipole  Arrays,11  Trans.  IRE, 
PGAP  AP- 10  ,  566  (1962). 

t  P.  S.  Carter,  “Circuit  Relations  In  Radiating  Systems  and  Applications  to  Antenna  Problems,"  Proc.  IRE  20, 

1004  (1932). 

F.  H.  Murray,  "Mutual  Impedance  of  Two  Skew  Antenna  Wires,"  Proc,  IRE  2J,  154  (1933). 

t  J.  Butler  and  R.  Lowe,  "Beam  Forming  Matrix  Simplifies  Design  of  Electronically  Scanned  Antennas,"  Electronic 
Design  (12  April  1961),  p.  170. 

§  J . P.  Shelton  and  K.  S .  Kelleher,  "Multiple  Beams  from  Linear  Arrays,"  Trans.  IRE,  PGAP  AP-9,  154  ( 1961) . 
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At  the  in-band  frequency  to  be  used,  the  matrix  arid  its  associated  rabies  will  be  umali 
enough  and  tight  enough  for  portability.  To  obtain  data  on  a  wide  range  oi  element  types,  we 
hope  to  capitalize  on  this  portahtllty  by  offering  our  services  to  interested  groups  in  the  industry 
tor  "on-the-s'liQt11  element  impedance  vs  Scan  determination  on  their  arrays.  These  measure - 
jhents  could  bi- mad*  la  bxehabge  tor  permission  granting  ua  free  use  of  the  data  collected  in  any 
unclassified  context.  - ' - ‘  -  ^  -  - f,  .. -  ■ 

i  "  \ 

C.  EFFECTS  OF  MUTUAL  COUPLING  ON  AN  UNEQUALLY  J.  L.  Allen  and  . 

SPACED  DIPOLE  ARRAY  \  W,  P,  Delaney 

i  ■■’  V.  ’■  , 

We  have,  recently  reported  the  effect  of  mutual  coupling  on  the  bror.dei.de  pattern  of  an  yn- 

equally  spaced  dipole  array.  In  thl*  aeciton,  wc  will  report  results  for  the  off -broadside  pat- _ 

terns  of  the  same  array, 

The  use  oT  unequal  spacing  of  equally  excited  antennas  ha  a  means  of  beam  shaping  has  been 
the  subject  of  several  investigational  'The  technique  can  he  shown*  to  be  capable  of  producing  a 
close-in  sldelobe  pattern  that  ta  very  nearly  the  Fourier  transform  of  the  density  of  the  elements, 
under  the  common  assumption  that  mutual  coupling  can  be  neglected.  However,  even  under  this  . 

assumption,  ono  lends  to  l^se  control  of  the  pattern  farther  out  in  thesidolobe  region,  the -  -  - 

aldelobe  level  being  primarily  governed  by  the  number  of  elements  actually  used.  The  loss  In 
pattern  control  seem*  to  become  quite  pronounced  at  an  angle  about  halfway  to  the  gratipg  lobe 
position  one  would  obtain  from  an  array  with  equal  element  epaoings  oorresponding  to  the -closest 
element  spacing  of  the  unequally  spaced  array.  Thus,  for  control  of  the  bulk  of  the  antenna  pat¬ 
tern  appearing  in  real  space,  it  Is  apparent  that  some  of  the  elements  should  be  fairly  closely 
spaced  (e,g,,'on  the  order  of  half  a  wavelength).  However,  at  such  close  spacing,  mutual  cou¬ 
pling  Is  certainly  quite  slrong.S 

While  mutual  coupling  is  very  strong  in  equally  spaced  arrays  with  close  spaclngs,  the  ef¬ 
fects  of, this  coupling  on  the  shape  of  the  antenna  pattern  is  not  severe.  This  Is  duB  to  the  fact 
that  in  the  regular  environment  afforded'nimoBt  all  elements  by  the  equal  spacing,  the  effects  of 
mutual  Impedance  are  primarily  to  scale  Ihe  pattern  (vary  the  gain)  in  a  nearly  constant  manner 
over  the  entire  pattern.  Put  another  way,  virtually  all  the  element. patterns  are  Identical  and 
pattern  multiplication  Is  a  satisfactory  approximation, 

However,  this  regular  environment  Is  not  present  in  unequally  spaced  arrays,  and  It  is  ap¬ 
parent  that  the  effects  of  coupling  on  an  unequally  spaced  array  can  not  be  So  easily  treated, 

To  explore  the  severity  of  coupling  offocts  on  such  arrays,  wc  constructed  a  16-element 
linear  array  of  parallel  dipoles,  using  a  variable  element  spacing  (Table  3-1).  This  spacing  was 
calculated  to  produce  a  first  sldelobe  level  of  -23  db  In  the  absence  of  coupling,  with  the  beam 
pointed  at  broadside,  The  fact  that  the  spaclngs  are  not  quite  symmetric  about  the  array  center 
results  from  a  quirk  tn  the  computer  program  used  to  generate  the  spaclngs.  Since  the  error  is 
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*  J.L.  Allen  and  W.P.  Delaney,  op.clt. 

t Recent  papers  which  also  include  bibliographic  references  to  other  work  include: 

A.L.  Maffelt,  "Array  Factors  with  Non-Uniform  Spacing  Parameter,"  Trans.  IRE,  PGAP  AP-10,  131  (1962). 
M.G.  Andrea-en,  "Linear  Arrays  with  Variable  Interelement  Spaclngs,"  Trans.  IRE,  PGAP  A.P-10,  137  (1962). 
j 78-236,  pp.  291-298. 

§  J.L.  Allen,  "Gain  and  Impodance  Voriotion  in  Scanned  Dipole  Arrays Trans.  IRE,  PGAP  AP-10,  566  (1962). 
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8-9 
9  -  10 
10-  11 
11-12 

12-  13 

13-  14 

14-  IS1'' 

15-  16 


"Antenna  elementi  art  numbered  from  1  to  16, '' 


on  the  order  of  1  to  Z  percent,  the  asymmetry  effects  wore  not  expected  to  be  noticeable,  which 
Indeed  proved  to  be  the  case.  The  resulting  array  la  shown  In  Fig,  3-13;  a  close-up  of  one-of  the 
dipoles  Is  shown  In  Fig,  3-14.  Broadside  patterns  were  taken  on  the  array  using  a  well-matched 
corporate  feed  with  an  Impedance  level  chosen  to  match  the  Impedance  of  an  Isolated  dipole.  This 
choice  of  Impedance  eeemed  likely  to  represent,  the  beet  average  match  for  all  spaclngs  (this  as¬ 
sumption  was  not  verified,  however).  Broadside  patterns  were  tnken  and  compared  with  the  pat¬ 
terns  computed,  with  mutual  coupling  neglected.  The  resulting  discrepancy  ts  shown  In  Fig,  3-15 
Most  notably,  the  first  sldelobe  levels  wore  8  to  10  db  above  those  predicted,  with  a  general  tend¬ 
ency  of  the  far-out  sldelobes  to  range  about  Zdb  above  the  level  predicted,  The  pattern  was  then 
recomputed,  taking  mutual  Impedance  into  account  by  assuming  that  Carter's'1'  thin-dipolc  cou¬ 
pling  formulas  would  give  a  satisfactory  approximation,  and  by  using  image  theory.  It  was  as¬ 
sumed  that  each  antenna  was  independently  driven  by  a  voltage  generator,  with  Internal  imped¬ 
ance  equal  to  the  conjugate  impedance  oT single,  isolated  dipole,  one-quarter  above  a  ground 
plane;  i.e.,  the  generator  impedance  was  85.7  — j7Z.5ohms,  The  resulting  comparison  is  shown 
In  Ftg,  3-l6,  anti  K  can  be  seen  that  the  agreement  is  much  belle,-. 


*  J.D.  Kraus,  op.eit 
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Flo .  3-16.  Companion  of  mtoturocf  pottam  (wild  lint)  end  pott«m  computed 
uilng  Carltr't  •quallont  for  mutual  coupling  (dathtd  lint). 


or.u  might  nt' first  surmise  that  the  array  spneings  could  be  designed  liv  e  iltraightfoifward  \ 
manner  by  Inking  mutual  impedance  into  account.  Certainly  suefi  an  approach  would  fae  poislbleX 
'  but  If  the  army  tk  to  be  elect rottlunUy  scanned,  atljtl.  further  problem*  arise.  As  (jno  would  ex- 
poet,  the  patterns  of  the  Individual  elements  of  the  array,  token  with  all  the  other  elements  pas* 
(lively  terminated  (theie  patterns  being  the  factor  that  weight  the  contribution  of  each  element  to 
the  array  pattern),  vary  markedly  across  the  array. "  Figure  3-17  shows  tho  element  patterns  of 
some  of  tho  fii'st  eight  elements.  Note  that  tho  gain  of  the  outer  elements  tn  the  region  around 
bmnciBtilo  runs  about  2,bdb  above  that  of  lilt)  center  elements,  Increasing  tho  contribution  of  the 
^OVfdv'  ^h/moniS  to  the  pattern  «nd  thoreby  tending  to  "flattyn*  the  Illumination  of  the  array,  thus 
.  explaining  the  inc reused  close-in  sidolobe  level,  However,  the  center  element  patterns  are 
|  broader  than  the  outer  patterns,  Indicating  that  as  the  beam  is  scanned,  angles  will  be  reached 
;l  where  ^the  center  elements  contribute  more  heavily  on  u  per-olemenl  basis,  and  one  would  an- 
tlclpate  that  the  pattern  would  change  markedly  from  that  obtained  near  broadside,  yielding  lower 
sldelohea,  lower  gain  and  broader  beomwtdth. 

'  —'to  check  this  presumption  quantitatively U)  an  expeditious  fashion,  we  investigated  patterns 
by  computation,  including  mutualjeffects,  by  using  Carter's  equation.  No  experimental  verifica¬ 
tion'  wasliattainod  because  of  the  phasing  difficulties  involved.  However,  on  the  basis  of  agree¬ 
ment  in  'ilie  broadside  ensu,  we  feci  that  the  computed  patterns  are  reasonably  accurate,  The 
patterns,,  for  scan  angles  of  up  to  39*  are  shown  In  Figs.  3-18  through  3-25.  We  computed  pat¬ 
terns  under  the  independent  generator  assumption  using  llie  value  of  steering  phase  shift  In  the 
generator  voltage  appropriate  in  lliu  absence  of  coupling,  For  reference,  Fig.  3-26  shows  (he 
extreme  pointing  angle  calculated  when  mutual  coupling  was  ignored. 

The  computed  data  can  be  summarised  as  follows: 

(t)  The  first  sidelobes  generally  decrease  with  increasing  scan  angle  from 
— 17  db  for  a  broadside  beam  to  a  level  of  about  -25  at  the  extreme  scan 
angle  of  39°.  tn  addition,  as  one  would  anticipate  even  in  the  absence 
of  mutual  coupling,  wide  snnn  angles  accentuale  the  high  sidelobe  level 
that  exists  far1  out  in  the  pattern. 
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Fig.  3-17.  Element  patterns  of  some  elements  of  the  unequally  spaced  array. 


(2)  The  computed  data  showed  a  bearowtdth  that  varied  fro/n  the  one  predicted 
when  counting  was  ignored.  The  coupling  narrowed  the  beamwtdth  by 
about  10  percent  for  pointing  angle*  near  broadside  and  Increased  It  by 
about  IQ  percent  over  that  predicted  without  coupling  for  a  pointing  angle 
of  29*. 

(1)  The  program  was  set  up  to  actually  compute  the  gftlfl  (taking  Impedance 
■  mismatch  effects  tntooccaunt)-asn  functton  of-scan  sngle.  --WteiUhSJfc  - 
suits >re  compared  with  the  gain  of  an  equlyalent-liotjJ,  half-w»vel»ngth- 
soaced  array  having  the  same  dipole  elements  (which  would  require 
22  element^,  d  t#  foimd  that  the  unequally  spaced  array  has  an  aperture 
efficiency  of  about  83  pereenl  for  all  scan  angles  invest igewdi  »>*?■  J «»  - 
efficiency  at  tin  angle  4  from  broadside  was  given  by  33  cbtS|>  The  aaihs 
of  "he  equally  spaced  array  was  ccmpul^irom  pr.vtcu.ly  caloulated^ 
element  gain  functions  for  parallel  dipole  Itneab  arrays.t  For  compari¬ 
son,  the  Maximum  illumination  efftclehoVaUalnable  from  a  enatoev 
squared-on-a 'pedestal  patlefrt -  tor  a  )7-dh  BldalohTrUocl  Is 

rn,  _ l.Vll..  non  rsWishftO  Ifl  .  ■  ft  t  ft  ft  B  tilTk  C  W  ft  R  t  l  R 


8?p4Vcent^ 


■cmarfta’-on-a ‘poueaiBA  pau«r«  uvu  «  -«*>*'■* — -  —  -- -  -- - 

Thui,  the  uhcquftUy  spaced.  is  isownto  he  iOflifewnnt  th®incieht»' 
but  not  seriously  f  o.  .  .  ..„ 

In  summary,  mutual  coupling  appears  to  affect  the  performance  of  unequally  spaced  array* 
markedly  when  the  elemonte  are  in  the  half-to-oncwavelcngih  spacing  region  (and  presumably 
to  n  leaser  extern  for  greater  spading).  Perhaps  the  most  annoying  effect  Is  that  the  pattern 
changes  markediywahseenungte;  Ilia  a'lrpnfeiit  fiism  this  oxorctaethat  mutual  tffecte-muei— 
be  considered  in  the  design  of  such  arrays  using  dipoles  ns  radiators.  Furthermore,  on  the 
basis  of  the  results  given  iri.  Sec,  0,  it  seems  likely  that  no  other  type  of  radiator  will  rshdsr 
the  problem  negligible,  .  j|  " ' 


'  4 


Sr 


‘Thai  Is,  the  sum  of  the  intercloment  spacing  plus  an  additional  length  approximately  equal  to  one  outer  element 
spacing  (actually,  the  additional  length  should  be  equal  to  the  spacing  that  would  be  used  if  another  pair  of 
elements  were  added;  see  TR-22R,  pp.  162-170). 

t  Unpublished  calculations  similar  to  those  reported  In  TR-236  for  planar  arrays. 
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APPENDIX  A 


In  this  appendix  we  will  derive  an  expression  for  the  directivity  of  a  large  array  of  equally 
spaced,,  identical  radiators.  Although  the  geometry  used  (Fig,  t)  is.  that  of  .an.  array  with  elements 
placed:  on.  a  rectangular  grid,,  the  result*  ere  applicable  to  any  regular  grid, 

A  convenient  approximation  to.  the  pattern  of  an  array  is  to  consider  the  far-fieid  ?(<p.,61  to  “ 
be  the  product  of  a  typical  element  pattern  ?!*>,  ft)  measured  or.  a  single  driven  element  in  a  pas¬ 
sively  terminated  array  ,,  and  the  far'fieid  pattern  Ae(vi,  e),  of  a  conlftiuoux  aperture,  tsitha  scalar 


illumtnatioa  "equivaieitt"  to,  the  array  Uiuw.lnat.ton,  In  the  geometry  of  Fig.  i,  If  the  currant  in 
the  mil'*1  #t«iaeWt:diwto:u»e>:((e~aiaii*teihiitiiiaelt>4'te’tl>M  element  1* the  ".^ulyaJent® oealU»j.oM* 
aperfure  lliuKitnatiohAaifatLyl:,  auehthai  ■ _ _  _ _ _ ■-  :  ..  ■  _ _ 


’’  ,  UmU.x,aOyMlmiV  . 

to  wnich  AglWiftl  ie  related.  by 


,,  _.  A  s  VV  tfx>y),  expjj,-^  tx  sln.0,  coKf-tyelft*  aAhdll:  dxdy  (A-21 

f,  .,.  aperture  - 

In  other,  words,  we  invoke  the  usual  representation  of  the  array  far -field  as  the  product  of  an 
“element  factor.'1  and  an  “array  factor,11  except  that  we  choose  to  approximate  the  Uttar  with  the 
pattern  of  a  continuous  apsrmre, 

This  approximation  should  be  Increasingly  good  as  the  array  site  increases  if  (if  the  array 
amplitude  taper  is  such  that  the  bulk  of  the  power  tn  the  pattern  resides  In  the  main  lobe  and 
near-tn  stdelobes  (Implying  that  the  exact  structure,  of  the  far-'oul  aldelobes  la  of  little  oonae- 
quonoe  In  any  arguments  concerning  power  density  Integrals)  and  (2)  no  grating  lobes  exist,  ThS 
latter  restriction  Is  severe,  but  easily  removable  If  the  first  is  fulfilled.  To  cope  with  grating 
,lobek.  we  merely  consider  the  array  factor  to  be  the  superposition  of  as  many  continuous  aper¬ 
ture  patterns  as  there  are  grating  lobes.  If  0(k>  tpfk  define  the  location  of  a  major  lobe  of  the 
array  factor,  given  Implicitly  by  the  solutions  of 

*lne(k  cos<p(k  3ln0w  cae  f00  *  ■«  t »  0,  *1,  etc.  .  -  (A*3a) 


sine 


Ik 


alno,k-sln900  sln«>00 


*  f-  ,  .  k  =  0,  ±1,  etc. 


(A-3b) 


(0  ,  ip  is  the  main-lobe  pointing  direction),  then  we  can  write  * 

'  OO  00 


F(v,e)«’  f(<r,b)  YiTi  Ac  'v' “’fk1  01  efk'  ’ 
I  k 


(A-4) 


where  A^lp,  9,  e(((l  defines  me  scalar  pattern  at  the  general  angle  ip.  9,  resulting  from  a 
continuous  aperture  with  the  appropriate  amplitude  taper  and  the  proper  linear  phase  tu  position 


*7he  justification  for  a  representation  of  this  lypB  is  discussed  in  TR-228,  pp.  162-166  for  linear  arrays,  from 
which  the  planar  case  fallows. 
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ths  pattern  maximum  at  the  angles  tp^,  0(k;  i.e,.;  if  l(x,  y)  is  the  Uliijati'hM.Uon  producing  a  beam, 
ot  the  desired  shape  at  the  angle  O  =  0,  the  pattern  A^'tp.  0.  e^lfl.y  produced  by  ah  tUumi- 
natton  ■ 

l^tx.  y)  *  l(x,  y)  exp[~j  ■£*  (tn  3tnfr<|t  eo3»<k|+  y  atoO<k  atnl(l,).|  .  (A-Sk,,  ■ 

-v  '■■  «  '■  ■  iL  ■  . :''- 

The  dlreettvUjj,  of  the  pattern  specifletl  by  J3q,  (A~4l  i*  them  by  definition, 

■  ■;  -  -  ~  t 

'S*>SR%tto.*  tht.egrevtoa  Umlta  aeeum'e  the  itiemonte  to  radiate  only  Into  h.aU-sp«ee  {W>  Wo  Note  -  ■■ 
that  the  typical-  element  pattern  and  the  element  gain  function  are  related  by  - -i— : - - — — 

'  -I  1 1 

S^go^oo1  VVI,2  *  (A-T) 

where  f  if  a  conetmt  of  no  consequence  for  our  usee,  ,f.:r 

Equation  (A-.?)  ran  be  greatly  simplified  if  we  recall  the  assumption  that  the  BrrljriUUmina- 

__  Hon  concentrates  almost  all  tho  power  density  W  0,  0(k!  tn  the  region  around  «(k,  6<k. _ _. 

CcmtequetUly,  iritfie  numerator,  only  the  P«-lt  «  (I  tem  will  bf  of  nlgnifioattt  amplitude.  In  the- _ 

denominator,  after  squaring  the  double  gum,  we  wtli'havo  o  quadruple  eum  of  the  form 


HESS  Ac(v>, 0, e,k)  A *{<e, *Xi e, emn) .  . 

ik  (  m  n  .  v 


rr-  i . If! 

— 

— -  :  ••  — 
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- ;  itaB 
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-  .  ~53| 


Under,  our  HMumpUpni.  "cro*s  product"  tcrma  (k  ^  m,  {  £  n)  wiU  give  «  negligible  contribution 
to  ife  aum.  Finally,  if  we  aaaume  that  |  flip,  ©)  | 2  varles^lowly  with  respect  to  A c{«/>,  e,  6^), 

we  can  write  the  resulting  simplified  directivity  expression,  as 


Utv  ©  )  a 
*  oa*  N  oo' 


4rr  |  A  (<p  ,  y»  j  ©  ,0  )  I  * 

1  c  ou  ^oo  oo'  oo  1 

— — - — 


’  oo'  oo 

Note  from  Eqs.  (3)  and  (5)  that 


t  k  ,1*  X*  |Ac(«>.^k;e.0<k)|2  Sino  dO  d* 


A  ( </>  ,  <p  :  0  .0  )  =  A  ( to ,  u> :  Q ,,  .  0 ..  ) 

cvv  oo  v  oo  oo  oo'  fk  <k 


for  all  i  and  k.  Thus,  we  can  write 


IJ(<p  ,0  ) 

^oo'  oo 


V  V 

n<r<k,e,k) 

2 

fo*  fj/2  lAc(*'  ’’ild  e-  9fk> 1  2  slne  de  dY> 

(  k 

1  A,.(v,(k.  o,k;  e(k,  ©/k>  1 2 
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*S,  Silver,  Microwove  Antenna  Theory  and  Design,  M.  I.T.  Radiation  Laboratory  Series,  Vol .  12  (McGrow  Hill, 
New  York,  1949). 
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CRARTER  1 

4  QUANTITATIVE  EXAMINATION  Q-JT  TUB  RADAR  RESOLUTION.  PROBLEM 

i'  \.  •  J .  L..  Allen 

-  .  In.  order  t,d  deei-goony  type  o£  radar  mosteffuctlYeiy,  a  fundtvnenialquam-Uatsiif*  underatnudirig, 
of  the-  ability  of  rader  to- perform,  the-  prUtelltai  fanetloins  of  detection,  resolution,  and  measurement, 
is  a  prerequisite.  The  first  ami  iast  hmctlona,  have  been  the- subijttcti  of  many  exceM-eni  wstktog*- 
The  second,,  however, '  ha*  been  ■  treated  in  only  a  few  papers and  ths  resuM  report*, A-  therein 
secut  either  to  atop  short- ol- usable  quantitative- results,  or  to  predict  resolution,  capability  be  - 

yowl  what  one-  weald  intuitively  expect.  ..  •' 1  - ;----'■ — A  -. 

— — CotRseqqettiiit--  some:  tine-  yah-  a  pent  dvlv  it  into,  the-  resolution  problem, — and,  a.  separate  _ —  ".  — . — , 
report^, on  the  subject  has  been  prepared,  try  -111-.-  i.op.>i.:t,  Uy?  ability  of  &  tudur  to. resolve  over¬ 
lapping  signals  is  examined.  It  is  shown,  that  the  primary  limitation  on  resolution,  is.  the  uripre-  ^ 
dictuble  difference  between  the  actual  received,  signal  and  the  waveform  Jar  which  the  target, 
receiver  i*  matched  U.e..  the-  diaiortWi  ifc  the  rsesive_d  sigoalk  . 

'  The  effects  at  signal  distortion  on  the  shape  of  the  "ambiguity  fuaclioa"'  are  exatathe*  in,  .. 

lei' ms  oT  a  wideband  random  process  model  for  the-dietortioh,  The  statistics  of  the  ambiguity  - 

funct  tor.  sldeiobe  region  in  the  presence  of  the  distortion  are  related,  la  a  simple  marine r  to  the 
statlsttos  ol  the  distortion  process, , 

The  optimum  two-target  resoivitr  for  the  distorted,  signal  is  then  derived!  and  its  perform¬ 
ance  i»  examined  tor  two  different  conditions  of  a  priori  knowledge  concerning  the  signait  (1).  *U 
parameters  of  both  target  returns  known  exactly,  with  only  the  pretence  or  absence  of  the  second 
target  uncertain,  arid  (2)  the  phase  and  amplitude  of  either  or  both  returns  unknown,  but  all  othnr 
parameters  exactly  Known.  These  two  cases  make  evident/ the  comparative  seriousness  of  wide¬ 
band  distortion  aiut  lack  of  a  prUni  knowledge.  Probability  of  detection  ve  probability  of  falss- 
alarm  curves  are  derived  for  both  cades. 

The  performance  of  two  nonoptjmum  tv|o-target  resolvers  that  ure  simpler  from  a  circuitry 
viewpoint  than  the  optimum  resolver  is  exnmlnnrl.  Included  in  the  nonoptimum  resolver  is  the 
usual  "matched"  (to  a  single,  lsoialed  return)  filler. 

ii  !c  quantitatively  demons'  "a  ted  that  Ibr  nearly  complete  overlap  in  time  of  ihe  received 
waveforms  from  the  two  targets  (even  though  for  "compressed11  signals  the  targets  may  be  sepa¬ 
rated  by  more  than  the  width  or  ihe  main  lobe  of  the' 'ambiguity  function),  trie  resolvabliity  of  a 
small  target  in  the  presetted  c.r  a  large  target  lends  to  become  independent  of  ihe  radar  sensitivity. 

Thus,  for  sufficiently  large  cross-section  difference,  resolution, can  be  achieved  only  by  lowering 
the  ambiguity  function  sidelobe  uncertainties,  ns  one  would  intuitively  expeel.  The  optimum  vs 
nonoptimum  resolver  performances  differ  primarily  in  ihe  rule  al  which  targets  become  resolv¬ 
able  with  decreasing  overlap. 


*J,  L.  Allen,  "A  Quantitative  Examination  of  the  Radar  Resolution  Problem,"  Technical  Report  No,  281  !U], 
Lincoln  Laboratory,  M.  I.T.  (i7  September  1962),  ASTIA  29S573. 
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CHAPTER  HI 

.  SHORT  PULSE  EFFECTS-  ON  TRANSMITTER  EFFICIENCY  , 

M.  Siegel 

SUMMARY  -  -  . .  - -  ...  d. - 

This  chapter  presents  a  theoreMeaT  dsaertptlon.of  thslossss  that,  occur  in,  ir»PS1u}at«d.ampUfla«a 
during  the  video  pulse  flap  and  fall  times,  These  losses  can  become  a  mftjnr,  fra'llfoo  of  the  to!  ul 
losses  lithe  transmitted  pulaewidths  are  oiihe  same  order  e£  magnitude  as, the  rise  time.  'An. 
expression  for  the  losses,  In.  the  electron  beam  of  the  amplifier  tub*  la  derived  End  combined  with 
an,  exprwasish  for  tbeTosssa  In  parasite  espnclty  tH  the  modulated- element,.  \ 

Results,  aye-  pc«aantptT"(onThrije  elads.ea.  oT  amplUlpr  stages:  p.fslt?  mndiirslVcl-!itflSasd  loWiir--' 
gntdrmo4ulfttedi«t«|jaa:!?nd:WijJ>-iP./ti;i'3‘moiJulfttad-»t*gaai  .  .  '  v 

A,  HHTROBWOTION  ■'  *'■  "r  "  -  ,;-v  . 

Because  af  the-  Increased  allisnllant  eurteoily  being  given.  !?•  lit*  mull  liar  get  resolution:  pnete.- 
lam,,  th*  use  of  Butwnw?  and  narrow*  r  pulaaa  In,  puts*  codes  and;  pulse  traina  la.  becoming  coma 
irion,  Phased  array  radars  arc  being  palled  VPPh  to.  dsal  with  these  pulse  trains,.  ami  the  phitaed.  " 
array  tcananiiuer  eHtclency,  1^.  lnauancad;  by  tueir  nature,  Threabaslc  type.*  qjt  motjulaiipn.  hay*. 

been,  propa/ted  (pc  varUiwia  p)wi»*.4  iwray  _ _ _ 

(i)>  Plate  mocliilatlpii 

(g),  Grid  modulation  (law -a  grid,  modulating  anode)  . 

13)  Orld  modulation  (htgh-p  grid). 

When  the**  three  modulation  techniques  are  applied  to  the  generation  of  narrow  pulaaa  Israeli 
pulaewldths),  It  la  no  longer  possible  lo  dlaregard  the  energy  wanted  during  the  rlao  and  falUUtue 
of  the  pulse,  or  the  energy  required  to  charge  the  airy  capacitance  associated  with  the  modulator 
output  and  Ihe  power  amplifier  Input.  Thia  ''wasted"  energy  can  be  a  considerable  fraction  of  the 
total  energy  in  the  pulse,  j 

In  an  attempt  to  evaluate  the  reduction  of  efficiency  resulting  from  this  "wasted11  energy,  the 
following  analysis  of  the  three  modulation  techniques  was  made.  The  results  are  presented  In 
the  form  of  a  family  of  curves  showing  efficiency  vb  pulsewidth  for  various  rise  time  to  pulse- 
width  ratios,  and  a  family  of  curves  has  been  drawn  for  each  of  the  three  types  of  modulation. 
Efficiency  IS  analysed  first  In  terms  of  the  energy  "wasted"  in  the  video  overlap  and,  second,  in 
terms  of  the  energy  lost  in  charging  the  stray  capacitance.  It  becomes  apparent  that  as  the  pulse- 
width  becomes  shorter,  the  stray  capacitance  becomes  the  moat  Important  factor, 

B.  BEAM  PULSE  EFFICIENCY 

The  following  assumptions  are  made: 

(1)  Utse  and  tall  time  are  of  equal  duration  and  are  approximately  linear 
functions  of  time.  (This  is  not  loo  unreasonable  because  most  often 
the  rise  ami  fail  times  are  linear  over  the  major  portion  of  their  dura¬ 
tion  since,  in  general,  they  result  from  a  constant  current  source, 
usually  a  pentode  or  tetrode  charging  or  discharging  the  capacitance 
associated  with  the  circuit.) 

(Z)  Useful  energy  is  available  only  during  the  flat  region  of  the  video  pulse; 
i.e.,  the  energy  available  during  the  rise  and  fall  lime  is  wasted. 
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This  assumption  can  be  justified  because  of  the  nature  of  the  dtscrlm- 

■  ination  problem,  The  resolution  requirements  are  such  that  the  only 
timfifttlona  on  the  loading  and  trailing  edge  should  be  tlje,  bandwidth  of 
the  transmitter  lube. (typically  SO  or  lQQMcpa)  and  the  speed  with  which 
the  RF  drive  pulse  etui  lie  gated  on  and  off  (typically  nfew  nanoseconds). 
Therefore,  the  slower  rising  video  waveform  will  not  deteriorate, the 
output  RF  pulse  If  the  R,F  drive  comes  on  only  during  the  fladt-top  region  • 
of  the;,  video  pulse.  -  - . . -  - -—-■■r--— ■- — . 

(1),  The  ptilae  la  of  the.  following  form:  ■.?  %■-' 


S  -  rise  time  , 
t  m  useful  puUewldth 
-ulsa-Um* 


puwewldlh 


1  (A\  A,li  Computations  will  bo  carried  out  on  ati  energy-pcr-pulac  basis,  1 

is)  fir iiiiiiie  of  the  assumed  symmetry  of  the  pulse,  the  (tnergy  ''wasted" 

» toe  fall  tunc,  will  be  assfimod  equal  to.  that,  of  the.  rise.  itmo.  'there 

■  fore;  fi'onj/thts.  point  on,  only  the  onergy  wasted, In  the  siee  time  wUl  ..  -SV . 

....  fie  eomputjid  and  then  doubled,  when  making  efficiency  ciweuint  in, is,  '  1 ! 

(6)  Vfheh  plate  efftetency  la  discussed  in  this  report,  it  will  be  understobd 
to  Include  only  the  effeol  of  energy  wasted  In  the  rise  and  fall  time  and 
In  the  modulator,  and  not  the  OC-lo-RF  conversion  efficiency  (usually 
appronimaLelj  3A  percent).  This  latter  efficiency  wtU  b*  discussed  sir  ••  — - 
the  end  of  this  chapter.  v. 

1  )\  .  . ■ 

Case  It  Plate  Modulation  of  the  Power  Amplifier 

In  an  oleclron-boam  device  that  la  plate-modulated,  the  following  expression  for  the  beam 
current  Is  valid:  '  '■ 


lh  *  K% 


3/2 


U) 


where 


=  beam  current 
-  beam  voUa«Q 
K  “  pervennee  -  constant 
The  instantaneous  plate  power  p  -  real  part 


p  =  eb(Keb 


3/2, 


)  =  Ke, 


5/2 


The  energy  E  developed  within  any  interval  is  expressed  as 
E  -  ^  pdt  {integrated  over  the  interval) 


U> 


(3) 


The  following  tabulation  shows  the  instantaneous  power  generated  during  the  intervals  that  are 
of  interest.  ..... 
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Theenfrgv  developed  during  the  Interval  ty-^/O  i 
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i  Tlw  energy  "wasted"  during  ifi«“ffiferv5l  04  tk'5  (the  rise  time)  ban  be  expressed  as 

,5/2 


4 

\ 


fe^J  4  '  k 

The  energy  developed  during  the  Interval  «  4  1 4  4  +  t  (Of#  useful  region)  can  bo  expressed  as 

ti+T  .  .  •  f\t*T  ..;-  ■/, 

P*r«  J  «Ebb)5/2  dt  /.  ■  ^  :.  .  '■  ■■" 


MK(Ebb)5/2t|JiT^K<Kbb)9/Z><T 


(6> 


Therefore, 


.  »  '  useful  pulse  energy  _ _ 

partial  pulse  efficiency  *  pulae  energyTrTrwasted1rene rgjM In  "rise  antTfaU  timed 


.  wasted  energy 
1  useful  energy 


2X8 


1  + 


r  . — ~~Xn,~ 

2K^bb>' 

7 


K(Ebb)5/ZXr 


'I'he  following  equation  expresses  in  a  useful  Term  the  value  of  partial  pulse  efficiency  when  plate 
modulation  is  employed: 


.  ❖  1 

partial  pulse  efficiency  £ - ^ — g- 

(for  plalo  modulDlion)  l  >•  y  (~) 


(?) 


•These  efficiency  expressions  do  not  include  the  effect  of  stray  capacitance,  nor  of  circuit  losses  in  the  modulator 
and  grid;  therefore,  they  are  termed  "partial  efficiencies," 


Caae  U:  Urul  Modulation  of  the  Etowvr  Amplifier 

The  toto.1  current  1^,  in  &  gruldeO  (trioUe)  tube,  can  be  expressed  as’ 


IT.:.k+k”^VB.LVaJ 


-  anode  current  ;  Vft  ~  anode  voltage 


>L- 


constant  t 


_ ; _ 1  =  grid  current  V _ =  grid  voltage  ,  ,G  f*  constant 

*  "  • ...  1 '  '  /■'  -  "  T  -  f£ "  - 

“Eh*  value  of  ,n  determined  above  j«  reasonably  accufati>.  since  |i  varies  1  title  ft*  ^  varies. 
Also,  U  will  BCaSauwiBU  that  the  grid  rurrcut  la  small  vltlh' i'espeot  to  the  plate  $uP(*ntf  therefore, 

.  .  "  f  J  ■  ■■  '  “  .  '  - 

^  *  Kt6iKvg  i  va)s/i  I  ■-  i"1 

where  K  j  proportionality  constant  helvforn  the  plate  QurrOnt  urnltho  total  space  eur-renl.  (this 
Is  probably  not  a  constant,  but  the.  variation,  la  small  because,, t  <  l^.)  Assume  Kj  4  t. 

1.1  1ft  iiHHiimorl  ihnt  thn  nlnlr*  unHntrn  V  a  I»5.  >  a  t'nmUnrlil.  and  lllSQ  that  the  tfl'id  drive  OUliP  . 


where  %  proport tonalUy  constant  between,  the  pl&te  current  and, the  UAal  ftpftc*  our-rent.  (-This 
Is  probably  not  a  constant,  but  the.  variation,  la  small  because,, t  <  l^.)  Assume  Kj  4  t. 

U  l*  assumed  that  the  plate  voltage  V((  *  *  corujlaik,  and  also  that  the  grid  drive  pulse 

Is  of  the  form:  “  -  •;  V 

■  li-tl-Utll 


\ 

•s'— 


Instantaneous  anode  rvv.vi  ,  real  part  (st^.1  |  »  *altt 

••  •  V3/2'  ■  ;i0> 

The  following  tabulation  shows  the  instantaneous  power  generated  during  the  intervals  that 


are  of  interests 
Interval 


Instantaneous  vintage  V 

_ _ _ _ _ 


Inc  tank  pc u ua  How er  P 


0Cl(f 


A  <  t  <  d  i  r 


,4m 


1,:bbKlGttll':C.l  +  Ebb)3 


*A.N.W.  Beck,  Thermionic  Valves,  Their  Thoory_and  Dejign  [Cambridge  (England)  University  Press,  1953]. 
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The  energy  developed  during  the  Interval  L  j?  0  ia 


The  energy  11  waalvci’1  during  the  interval  0^  t  s  <j  (the  rtse  Ume?  can  he  expressed  as 


To.  evaluate,  Let 


:  £  pdl  [d(Ep)  %  *  Ebbj3 

(*(-$“)  t  +  ebb  '•  ■’  ~  \ 


— -A®, 


Jy  3  p(-j  -)  tit  i 


there  tore, 


tit  -  SSL 

I*1?©! 


tor  the  following  limit*: 


at  1.0  y  -  Es(l.  . . 

at  l  «  «  y  *  pE01  +  Ebb 


a(pEnt+Ehhl 


KbbK,i<WVZ  4rt  ^ 


.  ;KbbKtGa  „»/*  x 

Jkb 


‘:t;bbtV'°  „  ,5/2  _  5/2, 

E - ?MJEG1  !(tlLGl  +  Ebb'  Ebb  1  ' 

i. 

The  energy  developed  during  the  interval'  S  ■?  t-S  d  +  t  (the  useful  region)  is 


=  KbbK.G(hEG1tEbb)3/2t]| 

E  =  EbbKlu(,,KGi  *  EW  ?  x 


Thu  vc  lore, 


partial  pulse  efficiency 


j  f  ‘'wasted’1  energy 

useful  energy 

l 

214.  K  ,Ci<5 

.  1  ":bb> 

l'hbKlC:(lll';Gi  1 

\)  )  ^ 
'W 

TIva  following  equation  expresses  in  n  useful  form  the  value  of  purlin!  pulse  efficiency  when  grid 
modulation  is  employed. 


purliM  pulse  efficiency' 
(for  grid  modulation) 


j  l(|‘l:Gl  ''  ''‘lib1 


':‘bb  "^^Ci  1 


1  K,.,.>"37Fi 


The  previous  calculations  have  sihown  only  the  reduction  of  efficiency  resulting  from  energy 
wasted  in  the  power  tube  during  the  rise  and  fall  lime  of  the  output  pulse.  To  gain  an  apprecia¬ 
tion  of  the  effect  that  the  modulator  and  the  stray  capacitance  huve  on  the  over-nil  efficiency,  an 
attempt  wUL  be  made  to  ovalimte  a  new  efficiency  which  Includes  the  energy  wasted  in  the  modu¬ 
lator  and  the  stray  capacitance  for  each  of  the  preceding  three  modulator  techniques. 

C.  TOTAL  PULSE  EFFICIENCY 
1,  Plate  Modulation 

U  plate  modulation  is  used,  the  modultdor  is  required  to  supply  the  entire  beam  modulation 
power/.  If  we  assume  here  a  soft-tube  modulator  or  an  efflcLenl  html-hihp  modulator,  tho  effi¬ 
ciency  varies  between  60  and  80  percent.  We  will  assume  7  8  percent  over-all  efficiency.  Then, 

>’»-•*  iiml  energy  mtrrneo^Fe^-^Scia  (K^hTOT  ' 

time)  +  energy  wasted  (charging  and  discharging 
stray  capacitance) 

From  the  values  previously  obtained  for  the  energy  developed  during  the  three  intervals  that  are 
of  interest  (Eqs.H),  (8)  and  (6)|,  it  follows  that 


plate  and  modulator  efficiency  (0.78) 


K<Vv"*r 


C("W2 


It  shor.UI  tic  noted  that  the  energy  wasted  its  charging  and  discharging  the  stray  cupacilanre 
is  equal  to  twice  liu.*  energy  stored  in  the  stray  capacitance.  This  result*  from  the  fad  that  an 
amount  of  energy  equal  to  that  stored  is  lost  in  the  KC  charging  of  the  stray  capacitance  during 
the  rise  lime;  moreover,  at  the  lurminalLun  of  the  pulse,  the  energy  that  was  stored  is  discharged 

*  This  efficiency  expression  does  not  include  the  effect  of  stray  capacitance,  nor  of  modulator  and  grid  circuit 
losses,  and  is  therefore  termed  "partial  efficiency." 


through  the  lube  and  is  wasted  in  the  fall  time. 

that,  in  thn  i"w*?  '>f  Plate  ivmrlnlat  iotj, 


lienee,  twice  the  stored  energy  is  wasted,  so 


(46) 

2.  Grid  Modulation 

U  is  assumed  that  the  grid  modulator  is  a  hard-tube  modulator  and  that  Us  efficiency  la 
?S  percent.  Therefore, 


If  we  assume  Hint  the  grid  acts  somewhat  like  a  diode,  wo  ran  determine  the  energy  Into  the 
grid  circuit  by  using  the  results  determined  from  our  plate -modulation  example  with  the  plate 
voltage  of  our  results  replaced  by  Hie  grid  voltage;  llu»t  In,  during  the  rise  time 

energy  -  £  KIE^r^rt  (Etl.CHl 

mul  (luring  the  useful  pulse  region 

energy  K(iy^!  «  i  .  (Hq.  (6)) 


kii  muummui 


energy  wasted  (  grid  circuit, 

\ stray  cnjmcitn 


and  j 

moo/ 


1,  M  energy  into 


f  grid  circuit,  and  \ 
(stray  capacitance/ 


plate  and  modulator  efficiency  ~  - — 7 - * - — - 

(for  plate  modulation)  i  +  (~)  7  \  (  *)  - - r; 

'«*WV 


l.ot 


Then 


K,  grid  per  veil  nee  — 

A  (V  )/lL 

1  grid' 


energy  wasted  1 . 1  |  '  v  7  K  ,0  .r,  l1^6  I  K  (K  .  1>5/'2  V 


i.Vt  KZ<K(.,)5'2  (r  I  i 


All  (his  energy  is  wasted  in  the  grid  circuit;  in  addition,  me  energy  wasted  in  charging  and 
discharging  the  stray  grid  capacitance  is 


capacitance 


J.5.’  [K  IV..  | 


Therefore, 

plate  and  modulator  efficiency 


useful  energy 

useful  energy  \  energy  wasted  (rise  and  fall  time) 
1*  energy  wasted  (modulator,  the  grid  circuit,  and 
stray  capacitance) 


From  Kqs.(1£)  and  (ii)  and  those  above. 
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!f:J  jii 


-■  -  Jl  K.W 


(t?) 


TM  a  equation  can  he  re  expressed  as 


1  •  <4*  (vnr,)i"'lV.i  • 


MH) 


D.  PRACTICAL  EXAMPLES 

It  is  desirable  to  consider  the  four  efficiency  expressions  »Jmt  have  been  developed  under 
throe  specific  instances. 

(1)  Plate  modulation  of  a  2-inegawatt  peak-power  tube  having  characteristics 
similar  to  a  phased  array  transmitter  lube  Feeding  ninny  array  elements 
In  parallel. 

{&)  Grid  modulation  (low-p  grid)  ot  a  2-mcguwutt  pi?«k-pov/or  tube  having' 
characteristics  similar  io  a  phased  array  transmitter  tube  feeding  many 
array  elements  in  parallel  and  using  a  modulating  anode  structure. 

U)  Grid  modulation  (hlgh-p  grid)  of  a  100-kllowatt  peak-power  tube  having 
ohnrneloriHilos  similar  to  a  pliasod  array  transmitter  tube,  with  one 
tube  behind  each  array  element. 

Typical  characteristics  fun  mm  uni  ioi  ll.c  above  three  types  of  lubes  are  us  follows-. 

(t)  For  the  plate-moduialed  tube 


,:bb  ,BOkv 


K  *  10 
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volt 
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(M)  p|U‘  rcpi'bscnts  just  plalc-lo-eathode  capacitance  and  stray  capacitance; 
if  the  lube  is  immersed  In  oil,  (‘  Is  probnmy  •<  «>r  10  limes  an  st  eal), 

U)  For  l be  low-|i  griti'-iiiodulntion  lube 
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The  be.* st  sln'r-of-lhe-arl  p  for  a  modulating  anode  lube  of  this  power 
level  and  this  type  of  application  is  p  1  -1.  Also,  m  this  .i-mogawall 
power  level  a  mic-ropervoniice  of  l  appears  roasonr.ble. 

( t)  l*‘or  llu?  liigh-p  grid-modulation  !•.»»«• 
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These  characteristics  arc  similar  to.  those  of  the  Watkins  Johnson  TWT 
being  developed  fot'  Lincoln  Laboratory. 

Substituting  these  values  into  the  three  partial-pulse  elTie.lencv  expressions.  w«-  tibia  in  the 
following  partial  puicc  efficiency  *  express  ions; 


Lor  Hole  Modulation 


partial  pulse  efficiency 


<!> 


For  Grid  Modulation  (l,ow-p  grid) 


For  Grid  Modulation  (high -Hjjp'UI) 
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Those  three  efficiency  expressions  have  been  plotted  vs  (A/  r).  The  resulting  graphs  indicate 
the  effect  on  the  eflivloney  us  pulse  shape  la  changed,  i.v,.  when  the  pulse  .shape  varies  between 
rt  perfectly  rectangular  pulse  (at  A/r  •  0)  and  a  very  slowly  rising  trapezoidal  pulse  fl/r  »  1.  It 
cun  be  seen  tlmt  when  just  the  energy  lost  in  the  rise  and  full  time  in  Iho  tube  is  considered,  plate 
modulation  Is  most  efficient,  hlgh-r  grid  modulation  is  next  most  efficient,  and  low-p  grid  modu¬ 
lation  Is  least  efficient.  This  results  from  the  fad  that  In  thv  gi  ld  nuKhu.num  cu»w»  Lite  beam 
voltage  is  at  full  during  the  entire  rise  and  fall  time.  Hence,  the  energy  wasted  is  greater 
than  In  the  plate  modulation  cns«  where  the  beam  voltage  rises  with  the  beam  current  (see 
Fig,  3-27),  Substituting  this  time  into  the  total  pulse  efficiency  expressions,  we  obtalil  the 
following: 


Fig.  3-27.  Partial  pulse  efficiency  vs  (6/t) 
(ratio  of  rise  time  to  useful  pulsewidth), 


RATIO  OF  RISC  TIME  TO  PULSEWIDTH  f 


*  These  efficiency  expressions  do  not  inciude  the  effect  ot  stray  capacitance,  nor  of  modulator  and  grid  circuit 
losses,  and  therefore  rue  termed  "partial  efficiencies": 

.  .  _  _ _ useful  pulse  energy  _ 

partial  pu  se  e  iciency  usefu|  pu|se  energy  I  energy  wasted  in  rise  and  fall  time 
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EFFICIENCY  [percent.  i| 


PUl  36 WIDTH  t  (tec) 


(a)  Plate  modulation.  Hero, 
grid-circuit  wasted  energy  Is 
not  a  fggtor  (see  below), 


(b)  Grid  modulation  (low-p  grid 
modulating  anode). 


PUL se WIDTH  r  !l#c) 


(c)  Grid  modulation  (high-p  grid). 


Fig.  3-28.  Pulse  efficiency  vs  pulsewidth.  Pulse  efficiency  does  not  include  the  DC  lo  RF  concision 
efficiency  (usually  33  percent)  present  in  mast  microwave  tubes. 


Pulse  efficiency 


useful  pulse  energy 

useful  pulse  energy  +  “wasted"  energy  (in  plate-circuit  rise  and  fall  time)  "wasted" 
energy  (in  modulator,  the  grid  circuit  end  ;  'ray  capc.ciionce) 


Dashed  segments  of  the  curves  denote  regions  currently  beyond  the  stale  of  the  cut. 
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From  Kq.  ( 18) 
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plate  and  modulator  efficiency  ,  ,  c) 

(for  low -p  grid)  '  1  +  (-*)  1. 32  +  (—)  2.32  X  10”  7 
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•  Ciri<l  Modulation  (high-p  grill) 
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plate  ami  m odd  la', or  - — "  . - j-v 

1  I  (1.075)  4  (y)  -1.3ft  X  40"'^ 

Kor  r  "•  10  ^  the  Ins*  H»rm  in  *hf"  denominator  \a  negligible.  Thiu- implies  lh°l  the-  energy 
wasted  iii  the  modulator  and  grid  rirpuits  and  stray  cupucilun.ee  has  negligible  effect  on -the 
over-all  efficiency  in  the  high-p  grid  ease  over  I  he  pulaewidths  of  interest.  Therefore; 

plate  amt  modulator  efficiency  -  -*■ - - — 

(for  high -| i  grid)  1  4 -(-)  1.075 

l see  L'  ig.  3-fttf(c)|  1 

Note  that  for  thu  hlgh-p  grid  case,  efficiency  vs  t  curves  for  constant  (ft/r)  will  be  hori¬ 
zontal  lines,  which  nppuai'H  rcusonublc.  Since,  if  energy  in  the  modulator,  grid,  find.  cttpncLUmco 
can  be  neglected,  the  ratio  of  the  energy  In  Ihe  rise  and  fall  time  to  the  energy  in  the  useful  re¬ 
gion  of  t)»e  pulse  »s  constant  for  constant  (ft/ r);  ihe  efficiency,  therefore,  remains  conau.nl  an 
r  varies. 

Typical  values  for  the  constants  in  each  case  are  now  substituted  into  these  efficiency  ex¬ 
pressions  and  curves  plotted  (efficiency  vs  pulsewidth  for  each  of  the*  Ihrw  types  of  modulation). 

The  interesting  region  for  r  Olio  pulsewidth)  varies  between  one  nsec  and  Un  mace  (10"^  * 
to  loosed;  ihcrotorc,  plots  of  efficiency  vs  r  arc  drawn  for  h  er  ft/r  ratios:  ft/ r  0.1. 
ft  ‘  ■(  (}.*,  ft/r  1.0.  ft  '  r  t  o.  (n  these  curves  ft/r  is  used  as  the  parameter.  This  presenta¬ 

tion  allows  the  shape  of  the  pulse  on  Ihe  graphs  to  stay  constant  as  pulHewuii*  as  varied.  Tin 
appearance  of  the  pulses  lor  lilt:  assumed  ft1'*  ratios  is  as  follows: 


!■!»  •••n ina l ioi*  of  ilu-  plotted  curve::  of  efficiency  reveals  Ihni  lor  narrow  pulscwidl tis  ( iu  to 
SO  1  s«  i  )  one  of  the  lertes  that  reduces  ihe  rifirieiiey  considerably  *s  tin*  wasted  energy  in  the 
stray  capacitance.  This  is  a  constant  hide  priKleot  of  pulsewidl h,  and  when  this  wasted  energy 
in  ilu?  capacitance  becomes  large  with  respect  lo  tile  energy  in  the  pulse,  the  efficiency  decreases 
rapidlv.  The  ctl’ect  of  this  energy  is  largest  in  Die  plate  modulation  case  since  the  stray  capnci- 
i.uii  i  Sms  to  he  charge*!  to  du-  fail  plate  voltage;  since  energy  is  proport iona  1  lo  the  voltage 


squared.  the  ciiioicnoy  curve  to r  me  phue  modulation  exhibits  in  a  most  pronounced  manner 
the  effect  ol  this  wasted  energy. 

'.•I  the  g-  icl  modulation  low-p  grid  {modulating  nro:kO  case,  'he  voltage  to  which  the  stray 
capacitance  has  to  be  charged  is  i  educed  at  boot  to  Therefore,  the  effect  of  the  wasted 

energy  in  the  stray  capacitance  Is  seer.  at.  the  narrmvai  puls  ©widths  but  to  a  muen  less  degree 
than  in  the  plate  modulation  case;  i.e.. 


in  iiie  grid  tnuduumon  iiigii-p  grid  case,  the  voltage  to  which  this  stray  capacitance  has  to 
be  raised  is  considerably'  reduced,  Lb,..  la  E^^/p.  Therefore,  the  effect  oi  th.1#  waited.  energy 
is  reduced  by  approximately  t/p*“  {which  IS  very  small,  if  p  is  large).  It.  can  be  seen  from  the 
curves  that  over  the  pulse  widths  of.  interest  this  wasted  energy  hat?  negligible  effect.  All  the 
curves  asymptotically  approach  horizontal  lines  as  r  is  increased,  since  at  this  time  the  only 
wasted  energy  of  importance  is  the  energy  wasted  in  the  plate  circuit  during  the  rise  and  fall 
time  of  the  pulse.  Since  the  curves  arc  plotted  for  constant  (fl/r)  ratios,  the  efficiency  approaches 
a  constant  as  r  Is  increased. 

.  An  attempt  to  show  the  state  of  the  art  In  the  genet  at  Ion-  of  narrow  pulses  la  also  Indicated 
on  theae  curves.  It  la  assumed  that  rifle  times  of  the  order  of  magnitude  of  0. 1  psec  are  achiev  ¬ 
able  with  high-p  grid  modulation,  and  0,<*5pser  with  plats  modulation  and  lo'w«p  grid  modulation.,. . 
The.  portion  of  ';h©  curves  requiring  performance,  better  than  thla  have  been  dotted.  (Also  see 
Pig,  3-29.) 

Break  points  or  regions  are  observed  In  the  various  curves  whet'©  the  particular  modulation 
technique  becomes  very  inefficitnt.  Kor  example;  In  the  plate  modulation  case,  from  10~7  to 
10"^ sec  is  a  break  region  where  the  efficiency  la  almost  halved.  In  the  Low-p  grid  modulation 


Fig.  3-29.  Pulse  efficiency  vs  pulsev/idth  os  indicative  cf  state  of  the  art, 
Pulse  officiency  does  not  include  the  DC  to  RF  convw.jic.it  efficiency  (usually 
33  percent)  present  in  most  microwave  tubes. 


Pulse  efficiency 


useful  pulse  energy 

useful  puise  energy  +  "wasted"  energy  (In  plate-circuit 
rise  and  fall  time)  +  "wasted"  energy  (in  modulated/  or 
the  grid  circuit  and  stray  capacitance) 
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1- iuie,  a  break  region  occurs  between  10  tc  *>  >•-  10  sec;  U  is  noted  that  in  the  high-p  grid 
nun  I  illation  ease  no  break  region  occurs  al  all. 

With  regard  to  cost  and  apace  r cqiiircmcnls,  the  plate  modulation  technique  is  obviously  the 
most  costly,  both  In  space  and.  in  money.  The  low-]1  grid  modulation  scheme,  since  it  must  be 
capable  of  high-voltage  isolation  and  high- voltage  grid. pulses  ^bfa^,Jt'  is  lho  second  most  rosily, 
both  in  apace  and  in  money.  It  would  appear  lhat,  since  the  hlgh-p  grid  modulation  scheme  in¬ 
volves  a  vory  low  voltage  grid  pulse,  and  with  some  possible  configurations  no  high-voltage  iso¬ 
lation  is  required,  the  modulator  can  he  comparatively  inexpensive  with  regard  to  both  space 
and  money.  It  Is  recognised  that  for  the  hlgh-p  grid  modulation  specified,  <50  tubes  of  smaller 
peuk  power  (iOOkw)  would  have  to  be  modulated  to  duplicate  the  low-p  grid  nyviulution  of  one 

2- megawuU  lube,  It  Is  still  believed,  however,'  that  «  modulator  to  .modulate  20  low-voltage 
pulse  tubes  could  be  built  at.  considerably  less  cost  in  space  and  money  than  a  modi! Ip. ling -anode 
modulator  or  a  plate,  modulator, 

It  should  be  stated  that  the  efficiencies  as  given  by  the  curves  apply  only  to  the  video  or  pulse 
efficiency  and  do  not  Include  the  loss  which. occurs  in  converting  from  DC  to  ftp  in  the  power  am* 
plifilfcr.  This  DC  to  RF  conversion  is  usually  of  the  order  of  magnitude  of  30  to  33  percent;  there  - 
ford.,  Iho  over-all  piale  efficiency  la  determined  by  multiplying  the  efficiencies  given,  on. the  curved 
b>  0;i  3  3 . 

In  conclusion,  grid  modulation  utilising  a  grid  with  us  high  a  p  as  possible  appears,  from 
the  point  of  view  not  only  of  efficiency  but  also  of  coat  and  apace,  to  ho  the  optimum  way  to  mod¬ 
ulate  power  amplifiers  for  narrow-pulse  operation. 

Curves  useful  In  predicting  the  vldoo  efficiency  have  been  presented  as  ft  function  of  p‘\.'*e- 
wltlth  for  three  modulation  techniques. 


,1  fe-t :  billlF-ftl  i-  id l, d. 


CHAPTER  IV 

MINIMUM -COST  ARRAY  CONFIGURATIONS 

I  ,  CurUudge 


SUMMARY 

This  chapter  presents  a  purely  formal  method  Eo."  minimizing  the  coat  of  a.  phased  array 
system  when  the  cost  of  the  elements  is  known.  Algebraic  design  equations  are  derived  for 
minimum-uust  tracking  and  surveillance  array  configurations. 

A.  INTRODUCTION 

The  radar  capability  desired  from  a  phased  array  radar  can  be  expressed  in  the  form 

pn“n*-'>,0  ,  (I) 

where  p  is  'he  average  power  radiated  per  element  In  watts,  n,  la  the  number  of  transmitting V 
elements,  nr  Is  the  number  of  receiving  elements  and  r,  a  and  0  are  constants  which  can  be  i, 
derived  from  coverage  and  other  radar  requirements.  i 

The  coot  of  building  and  operating  a  phased  array  can  bo  expressed  as  \ 

O  C,n,  +  Cppnt  t  Cpnp  .  (2)  | 

t 

where  C(  is  the  cost  of  providing,  installing  and  operating  a  transmitter  module  (plus  a  suitable 
portion  of  the  structure  and  overhead  costs)  In  dollars  per  olemont,  C  is  the  cost  of  producing 
average  power  in  dollars  per  watt  and  Ct,  is  the  over-all  cosL  of  providing,  installing  and  oper¬ 
ating  a  receiving  element  (in  dollars  per  element). 

The  cost  C  hi  Kq.  (2)  can  be  minimized  subject  to  the  constraint  of  Eq.  (I)  by  partial  differ¬ 
entiation  with  n  L.uGranglan  multiplier.  This  process  (which  is  carried  out  In  detail  in  Appen¬ 
dix  A.  lice.  I)  yields  the  following  rlpa'im  eonatlcns.  For  o  4*  1, 


(5) 


The  constants  a ,  fl  and  r  will  be  evaluated  for  three  cases:  volume  searching,  multilarget 
tracking  with  a  rectangular  receiving  aperture  and  multiUirgcl  tracking  with  a  ''Mill's  cross" 
receiving  aperture. 

B.  SURVEILLANCE  CASE 

In  the  volume  search  case,  r  is  found  by  manipulating  the  radar  range  equation  to  gel  ade¬ 
quate  signal-to-noise  ratio  for  the  desired  probabilities  of  detection  and  false  alarm  over  the 


desired  volume.  In  the  simple  ease  where  the  volume  to  be  searched  is  a  sector  of  a.  sphere  with 
the  etuia**  at  the  center. 


P’VY 


r,  - 


Vr4KT  1.0K 
_ _ 

a\iyVv 


(6) 


w  here 


i*  la  the  maximum  range  In  meters » 

K  Holtz m&nn's  const n.nt  1  Id  x  to 

‘V  is  the  receiver  effective  temperature  in  4Kt 

I, ,  is  the  *ystem> -Uiuu , . . y, — . ..... 

0  la  rite  solid  angle  to  be  searched  in  Htoradiaivs,  *. 
la  the  ratio  2 E/N0  needed  for  the  desired  pd  and  pn, 

.  U  hud  Dy  ore  the  horizontal  und  vortlcsi  Element  spacings  in  wavelengths 


*•  (in  twfi  oi'&togontd  oti’pctions).  Nate  that  the  maximum  allowable 


Is 


,  k\  funutlun  uf  tho  maximum  scan  angle  to  tie  used* 

,  ji../  "  \  is  thu  wavelength  in  meters, 

»  i|  Is  the  aperture  efficiency.  >/■  v,  ", 

II  T[  V  the  "frame  time"  to  completely  cover the  volume  of  (.nteretU,  ( 

|j  a  Is  the  target  cress  section  In  square  meters  (specified  by  the  "customer"),  , ,, 

few  «  -  1  in  this  case,  Kqs.  (i).  (•!)  and  (S)  Up  not  apply',  Extremov do  not  occur  for  finite 
non'/, e, Vo  pn,  and  n(1.  Since  the  valuer  Of  p  thjtt  can  be  achieved  in  practice  have  an  upper  limit, 
wo  relexamlne  the  coat  with  p  fixed  and  the  eoiwtralnt  V 


'"YY  ~  rs  '  0 


(7) 


rhjjs  examination  la  carried  out  in  detail  in  Appendix  A,  Sec.  II  [Kqs.  (,A>7)  through  (A- 14)) 
and  results  in  ' 


(Ct  *  C„p) 

-  "r: 


(S) 


*'t  =  yp«v  \ 


(9) 


C.  TRACKING  CASE 

In  tho  tracking  case,  the  required  signal -to- noise  ratio  is  a  function  of  the  angular  accuracy 
desired  and  the  aperture  geometry,  The  constrain!  equation  can  ho  obtained  by  equating  (he  R 
given  by  the  radar  range  equation  with  that  required  for  angular  accuracy.  Kor  example,  consi¬ 
der  a  filled  rectangular  aperture*.  Tho  required  standard  deviation  in  angle  iH)  is  specified  by 


*  J,L.  Allen,  ct  ol.,  "Phased  Array  Radar  Studies,  I  July  I960  to  1  juiy  1961"  Technica1  Report  No.  236  |U1  , 
Lincoln  Laborato.y /  M.  l.T.  (13  November  1961),  p.  291,  ASlIA  271724,  H-474. 
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the  "  customer."  Maximum  element  spacings  and  13  arc  set  l>y  the  desired  maximum  coverage 
angles  (which  are  specified  by  the  "customer").  In  the  ease  of  u  rectangular  aperture,191 


■u\  -  (f  >  -  v' 

tr  \  R  "  ir  y  R  a  IT 
x  x 


(10) 


Similarly, 


SO.. 


y  tv1nD 

y  y 


(in 


Multiplying  Eq.  (10)  by  Eq,  (I  If. and  roan'ranging,  wo  get 

«  s - — - 

ir**D  D  n  Aft  £0 

x  y  r  y  x 


dV 


(«x  and  n  are  the  number  of  receiving  elements  ty  a  row  and  a  column,  respectively;  hence*- 

■v  *  VV>'  • 

The  radar  range  equation  can  he  rearranged  for  array  radars: 


“a 

i4 .  v  y*  y  .... 

2*r’l.KT 


(13) 


where  IS0  is  the  transmuted  energy  per  look  peiji element. 


Now  equate  the  right  -hand  members  of  Kqs||(12)  and  (13)  and  multiply  both  sides  nf  the  result 
by  ij/Tp  where  N  is  lire  numbor  of  targets  to  be  tracked  and  Tt  1b  the  "frame  lime."  Note  that 
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~f~  “  P 
lf 


P”t2nr 


6r4(,KT 


DxDy1,^’,ZTr<",ex{0y 


-  1\ 


(IS) 


Equations  (3),  (4)  and  (5)  apply. 

In  the  case  or  a  symmetrical  Mill's-cross  receiving  aperture  using  identical  crossed  linos 
one  element  wide,  for  equal  angular  accuracy  in  both  planus,  Eq«.  (10)  and  (11)  become 


<50 


2  V  3 

jr  \fR  iv  D 


(16) 
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tl 


Squaring  ami  rearranging  liq  (16)  gives 

H - - 


(17) 


Combining  Kq .  (1?)  with  Eq.  (1 1).  with  i'[%  in  Eq.  (16)  replaced  by  n(./<,  gives 


P".2",3 


•»8n;lkt. 


1  "V  vD6X2it2p«0ifTf 


(18) 


Again.  Eqa.  (3).  (4)  and  (5)  apply. 

tf  ihr  angular  accuracy  of  .lltb  Mill's  cross  is  not  symmetrical,  two  constraint  equations  with 
corresponding  LuGrange  multipliers  are  required.  This  process  is  conqiietod  in  Appendix  A,  11 
See.  Ill,  and  gives  rise  to  the  following  design  equations: 


C  C 


!  VC 


ra  |(d  i  (d„«6„)‘2'/:ii  3 


7T  "  a 


y  y 


(19) 


n_p,f'n„ 


ctnt 


(20) 


ft. 


"*  .  /46Z\2/3 
"y  "  K/ 

‘i 


\  (21)' 

V 

\ 

.  (2?) 


where 


4r  IXT  N 

1 "  *D2D2A2i)2ffTri 


(23) 
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APPENDIX  A 

PARTIAL  DIFFERENTIATION  WITH  A  LaGRANGlAN  MULTIPLIER 


*- 


I.  GENERAL  CASE 

The  cost  can  be  expressed  as 


C  ■  ct'?t  +  V“l  '  Cr"v  "  ^“p'r  -  r) 


By  partial  diSt!ervnUwtioi»;  we  obtain: 


S  =  Cpnt  *  ?n>f  .  0 


5-«;=cr  *«»>?•' 


M  -  n>?  -  r  ■  o 


Eliminating  5  from  Eqs.  (A-2)  and  (A-ij  yields 
Ctii,  »  fn  -  l)  Cppv( 


whence 


(A~  U 

(A-2> 

(A-3> 

<A"»> 

(A-M 


(A-«. 


Eliminating  I  from  Eqs.  (A- J)  and  (A-4)  yields 


ec. 


rr- ry  e-  "t  • 

Substituting  Eqs.  (A-6)  and  (A -VI  lnlo  Eq.  (A-5)  yields 


„  l(ipm  c  cait/(«tin 

Tcf^ 


n,  a  a  - 


n.  SURVEILLANCE  CASE  WHERE  p  IS  SET  BY  PRACTICAL  CONSIDERATIONS 

Whore?  is  So  l  by  practical  considerations,  Rq.  (A-r)  becomes 

C  =  (C,  +  C  p)  n,  «  C  n  i-  i  (pn  n  —  r  * 
i  p  i  i-  r  •  *  t  r  s' 


(A-?) 


(A- 8) 


(A- 9) 
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By  partial  dit'CprQntiaUon  we  obtain: 

a,Tt  (Ct  1  V!  !  ii5nv 


§£-  *  Cr-  *  «pht  ■  « 


w  •  '5,V’r  -  Ps  ;  >! 


Combining  Kq  (/V-8)  wifch  Ijlq^  (A- 9)  yields 


K  ■■■  - 


«'V'SP) , 


Combining  (A- 12)  and.1  (A- t$)  yields 

racr  / 

ptct  *  V5'  '  1  ' 

UI.  SYMMETRIC  MttJL'3  CROSS 

lii^the  case  oE  an-  asymmetric  iVUU'»*ert>aa  aperture, 

_  i  . 

A  ‘  f*n*l >*#«>*  Z^ik^ 


VlVfoy^ 

T- 


!Vv  “  "7  -T - J - T  - - I— 

y  :T,T  J0;  j*r'l, 

y  y  y 


Multiply  Kqa.  < A-*  15)  ami  {A- 16)  by  N,/Tj  and  rearrange  to  obtain 

pn$\5  '  ~4f-2 

->  D;-ae>< 


and 


where 


_  i  3  1  c 

Ph.  n v  “  ‘1—2  2 

1  >  l)i^ 

y  y 


6r  *LKT  N 
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iD2n^V»T, 

x  y  '  t 


(A- 10) 

(A-  1 1 V 

<a~  ta-)- 

'  <  '■  '  *  '  \ 

I  ..  r  i  ' 

■■■  ■  P^iw 


fc^Uls 


V:  '" 

(A- 15) 


(A- 17) 


(A- l#j 


ZAO 


'-'I'r  1  — 


II  . 


C  -  Ct«t  +  q  pnt  ft,Ccnx  V  C 


a_ 
y  p" ~ 


Sftt,'". 


Thqn. 


*.  X 


“  r„  and: 
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Si.  =  n  ■>,  r?  p-  +  2£n.n  %+  X^n.n./p  -  0- 
uU|  l*  ji,  -•••-,  ?<“  -  i>  y> 


ac 

ft" 


*  7/ 


+-J*n,*hy 'ft  =»•(). 

y 


if  a  CA  *  *  8n*"*  *  ■■ 


HA. 


H’nW'-y5'  •- 

»-■  Kquatlon#  (A-.H‘>  ancj  (A-i»k).  ars  convbinfA  ta  obtain, 

'■j*  '  ,  .  '  "'i-V; 

lilq^atioru*-  MV- 22>,  (A-a&V  aMd  {A*240»  cnn  be--  w/jmbin»*d  to>  obtain. 

■  %.v§v  .  .  - ‘ 

Finally,  the  above  results,  combined  with  Kqs.  (A-ilH)  and1  (A-2 6),  yield- 


!\-  v  f 
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(A-27). 
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